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ABSTRACT 
To reach the high standards set for renewable energy production in the US and around 
the globe, wind turbines with taller towers and longer blades are being designed for onshore 
and offshore wind developments to capture more energy from higher winds aloft and a larger 
rotor diameter. However, amongst all the wind turbine components wind turbine blades are 
still the most prone to damage.  Given that wind turbine blades experience dynamic loads from 
multiple sources, there is a need to be able to predict the real-time load, stress distribution and 
response of the blade in a given wind environment for damage, flutter and fatigue life 
predictions. 
Current methods of wind-induced response analysis for wind turbine blades use 
approximations that are not suitable for wind turbine blade airfoils which are thick, and 
therefore lead to inaccurate life predictions.  Additionally, a time-domain formulation can 
prove to be especially advantageous for predicting aerodynamic loads on wind turbine blades 
since they operate in a turbulent atmospheric boundary layer.  This will help to analyze the 
blades on wind turbines that operate individually or in a farm setting where they experience 
high turbulence in the wake of another wind turbine.  A time-domain formulation is also useful 
for examining the effects of gusty winds that are transient in nature like in gust fronts, 
thunderstorms or extreme events such as hurricanes, microbursts, and tornadoes.  Time-domain 
methods present the opportunity for real-time health monitoring strategies that can easily be 
used with finite element methods for prediction of fatigue life or onset of flutter instability. 
The purpose of the proposed work is to develop a robust computational model to predict 
the loads, stresses and response of a wind turbine blade in operating and extreme wind 
conditions. The model can be used to inform health monitoring strategies for preventative 
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maintenance and provide a realistic number of stress cycles that the blade will experience for 
fatigue life prediction procedures.  To fill in the gaps in the existing knowledge and meet the 
overall goal of the proposed research, the following objectives were accomplished: (a) improve 
the existing aeroelastic (motion- and turbulence-induced) load models to predict the response 
of wind turbine blade airfoils to understand its behavior in turbulent wind, (b) understand, 
model and predict the response of wind turbine blades  in transient or gusty wind, boundary-
layer wind and incoherent wind over the span of the blade, (c) understand the effects of aero-
structural coupling between the along-wind, cross-wind and torsional vibrations, and finally 
(d) develop a computational tool using the improved time-domain load model to predict the 
real-time load, stress distribution and response of a given wind turbine blade during operating 
and parked conditions subject to a specific wind environment both in a short and long term for 
damage, flutter and fatigue life predictions. 
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CHAPTER 1. GENERAL INTRODUCTION 
1 Wind Effects on Wind Turbine Blades 
When designing wind turbine blades to withstand the wind loads present at a specific 
site there are several sources of loads that are of particular interest to structural engineers.  A 
wind turbine blade experiences several loads during its lifetime: gravitational, inertial, and 
aerodynamic.  Since gravity always acts vertically down the gravitational load on a blade is 
cyclic when the turbine is operating and steady when the turbine is parked.  Inertial loads occur 
due to acceleration and deceleration of the rotor.  This includes starting, stopping, braking, 
yawing and the centrifugal force, an outward force arising from rotation.  Aerodynamic loads 
are quite different during operation at relatively low wind speeds from those at high wind 
speeds when parked and can be cyclic, transient or aeroelastic in nature as explained below.   
Wind shear, wind speed change with height, that is present in the atmospheric boundary 
layer (ABL) produces a cyclic aerodynamic load on the blades since the wind speeds are higher 
when the blade is above the nacelle as opposed to below it.  Time varying or transient 
aerodynamic loads are the result of gusty winds that are transient in nature like in gust fronts 
and thunderstorms or in extreme events such as hurricanes, microbursts and tornadoes.  
Aeroelastic loads induced on wind turbine blades are a result of complex interactions between 
the wind and structure causing motion- and turbulence-induced aerodynamic loads.  
Aeroelasticity is the study of the significant interaction of aerodynamic forces with the elastic 
response of a flexible structure. Major wind-induced instabilities can be generally classified 
as: self-excited (motion-induced), buffeting (turbulence-induced) and vortex-induced.  The 
combined effect of the three aeroelastic loads depict the response of a specific structure in any 
given wind condition. These aerodynamic loads are capable of producing large amplitude 
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vibration of the blade culminating in failure due to occurrence of extreme stress or fatigue 
cycles or divergent oscillations resulting in catastrophic failure.   
Self-excited loads are the product of the motion of a structure as it perturbs the flow 
around it such that the modified flow pattern produces additional aerodynamic damping and 
stiffness loads. If the structure is given an initial deflection, its motion will either decay or 
diverge which is dependent on whether the wind is transferring energy to the structure or 
helping to dissipate the kinetic energy of the structure.  The theoretical dividing line between 
the decay and the divergence is identified as the critical flutter speed. Buffeting wind loads are 
fluctuating loads acting on a structure and are induced by upstream wind turbulence and 
structure-induced turbulence.  The fluctuating wind loads can be calculated based on the 
statistical description of the turbulence characteristics of the undisturbed flow approaching the 
structure. Aerodynamic admittance function formulation, proposed by Davenport (1962), can 
be used to convert the turbulence characteristics into wind loads on the structure in frequency 
domain. Vortex-induced loads cause large amplitude vibrations over a specific range of wind 
speeds or “lock-in” wind speed.  Vortices that shed from opposite surfaces of a structure 
alternately result in dynamic pressure distributions producing cross-wind vibration of the 
structure.  The “lock-in” wind speed for vortex-induced vibrations is determined from the 
Strouhal Number (St) for the given cross-sectional shape, Strouhal (1878), and the amplitude 
of the vibration can be determined form the Scruton Number (Sc), Scruton (1981), for the 
structure. 
Wind turbine blades are designed to be aerodynamically efficient, however, in order to 
achieve this efficiency they must be light-weight, long and slender making them flexible and 
hence susceptible to self-excited (motion-induced) loads during moderate to extreme wind 
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events. Furthermore, the presence of high turbulence in the wakes of the upstream turbines or 
in the upstream flow can result in wind-induced vibrations from buffeting loads during 
operating and parked conditions. Vortex-induced loads are not typically a problem for airfoils 
operating at low angles of attack and without yaw error. These loads might need to be 
considered in future wind turbine design or in scenarios where wind turbines are yawed to steer 
wakes or increase efficiency of other turbines in a farm.  These vibrations reduce the fatigue 
life of the blade and cause premature failure.  As larger wind turbines are designed to capture 
more energy, this problem will continue to grow due to increased flexibility of the blades and 
higher wind speeds that it will be subjected to at elevated hub heights.  There is a clear need to 
be able to predict the real-time load, stress distribution and response of the blade in a given 
wind environment for damage, flutter, and fatigue life predictions. Furthermore, with the 
advent of time domain methods to predict aerodynamic loads as applied to other flexible 
structures like long-span bridges and the transient nature of the winds in the atmospheric 
boundary layer, it is imperative to apply these methods to wind turbines.   
2 Motivation and Objectives 
In 2015, the Department of Energy released Wind Vision: A New Era for Wind Power 
in the United States which broadened the previous (2008) ambition of 20% by 2030 to 35% 
wind energy by 2050.  This target is driven by the United States’ appetite for renewable, 
domestic energy. Wind Vision outlines a pathway to reaching this target which includes 
developing offshore wind and installing much larger rotors per megawatt (MW).  However, 
GCube insurance (2015), one of the world’s largest insurers of wind turbines, reports that blade 
damage accounts for over 40% of all damage reported for wind turbines.  Blade damage 
problems will only continue to grow as U.S.A. pursues to meet the 35% wind energy target by 
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2050 due to higher stresses and response of longer blades and the higher wind speeds aloft.  
The dynamic wind loads, a major contributor to causing damage in the blades, are difficult to 
determine because of the inherent randomness in the atmosphere and gaps in the knowledge 
on the interaction of wind turbine blades and the wind, creating the need for research in the 
area of response prediction. 
The overall objective of this research was to produce a robust time-domain aero-
structural model that can predict the aerodynamic loads and response of a wind turbine blade 
over a simulated life-time wind history to inform health monitoring and fatigue life prediction 
procedures.  The research pursued the following objectives that are aimed at filling critical 
gaps in existing knowledge. 
Objective 1: Improve the existing aeroelastic (motion- and turbulence-induced) load models 
to predict the response of wind turbine blade airfoils to understand its behavior in turbulent 
wind.  
Objective 2: Understand, model and predict the response of wind turbine blades in transient 
or gusty wind, boundary-layer wind and incoherent wind over the span of the blade. 
Objective 3: Understand the effects of aero-structural coupling between the along-wind, cross-
wind and torsional vibrations. 
Objective 4: Develop a computational tool using the improved time-domain load model to 
predict the real-time load and response of a given wind turbine blade during operating and 
parked conditions subject to a specific wind environment both in a short and long term for 
damage, flutter and fatigue life predictions. 
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3 Literature Review 
The equations of motion for structural analysis of an airfoil section model (rigid modes) 
can be written in Equations (1) - (3).  For some structures whose dynamic response in the 
along-wind direction is not as prominent as the other two directions (cross-wind and torsional), 
the equations of motion can be simplified such that along-wind displacement, p, and drag, D, 
are neglected and the equation of motion in the along wind direction (Eq. 2) is dropped in the 
analysis.  
𝑚(ℎ̈ + 𝑆𝛼?̈? + 2𝜁ℎ𝜔ℎℎ̇ + 𝜔ℎ
2ℎ) =  𝐿𝑏 + 𝐿𝑠𝑒 + 𝐿𝑣𝑠 (1) 
𝑚(?̈? + 2𝜁𝑝𝜔𝑝?̇? + 𝜔𝑝
2𝑝) =  𝐷𝑏 + 𝐷𝑠𝑒 (2) 
𝐼(?̈? + 𝑆𝛼ℎ̈ + 2𝜁𝛼𝜔𝛼?̇? + 𝜔𝛼
2𝛼) =  𝑀𝑏 + 𝑀𝑠𝑒 + 𝑀𝑣𝑠 (3) 
where m and I and the mass moment of inertia per unit length of the structure, h, p and α are 
vertical or cross-wind, lateral or along-wind and torsional displacements of the structure as a 
function of time, 𝑆𝛼 is the mass eccentricity for a known distance from the elastic axis to the 
center of gravity, 𝜁ℎ , 𝜔ℎ are the damping ratio and the natural frequency for the vertical or 
cross-wind mode; 𝜁𝑝, 𝜔𝑝 are the damping ratio and the natural frequency for the lateral or 
along-wind mode; 𝜁𝛼 , 𝜔𝛼 are the damping ratio and the natural frequency for the torsional 
mode; (   ̇) =  𝑑( ) 𝑑𝑡⁄ ; (   ̈) =  𝑑2( ) 𝑑𝑡2⁄ ; Lse is the self-excited lift; Dse is the self-excited 
drag; Mse is the self-excited moment; Lb is the buffeting lift component; Db is the buffeting 
drag component; Mb is the buffeting moment component; Lvs and Mvs are lift and moment 
components due to vortex shedding. 
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3.1 Frequency Domain Approach for Self-Excited Loads 
The first famous event that drew people’s attention to wind load effects on structures 
was the collapse of the Tacoma Narrows Bridge in 1940.  By adopting a generalization of 
Theordorsen’s theory (1935), Scanlan and Tomko (1971) developed a flutter derivative 
formulation to determine the self-excited loads on bluff bodies like civil structures.  This 
formulation uses frequency dependent flutter derivatives which need to be extracted from wind 
tunnel tests.  Following this formulation, several methods of extracting these function were 
developed by Scanlan and his co-workers.  These methods include Huston et al. (1988), 
Scanlan (1978), Scanlan and Jones (1990), Sarkar et al. (1994) and many others.  Sarkar et al. 
(1994) developed a method based on Modified Ibrahim Time Domain (MITD) while 
Brownjohn and Jakobsen (2001) used a Covariance Block Hankel Matrix (CBHM) method.  
Others, Gu et al. (2000), Zhu et al. (2002), and Gan Chowdhury and Sarkar (2004) employed 
an iterative least squares (ILS) approach.  Finally, other efficient methods were developed by 
Chen et al. (2008), Chen and Kareem (2008), Bartoli et al. (2009), and Ding et al. (2010). 
These methods can be divided into two categories, free vibration and forced vibration and vary 
in formulation depending on how many degrees of freedom they include. 
The frequency domain formulation, developed by Scanlan and Tomko (1971), was 
originally proposed with only two-degrees-of-freedom, and was later extended to a general 
three-degree-of-freedom form, Sarkar (1992). This form is shown in Equations (4) – (6). 

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where ρ is the air density; U is the mean wind velocity; c is the chord length; K = ωc/U is the 
reduced frequency; and Hi
*, Pi
*and Ai
*, i = 1-6, are the non-dimensional aerodynamic 
coefficients called flutter derivatives. For a full three-degree-of-freedom system there are 18 
flutter derivatives that are cross-section dependent.  This number reduces to 8 for a two-degree-
of-freedom system. 
3.2 Time Domain Approach for Self-Excited Loads 
The flutter derivative based approach, as first introduced by Scanlan and Tomko (1971) 
for self-excited loads, is limited to stationary wind and small amplitudes of structural response.  
However, a time-domain approach for self-excited loads that overcomes these limitations is 
better suited for finite element modeling, transient wind response, feed-back based control 
strategies, and fatigue life estimations.  Time domain aeroelastic load formulations and 
analyses were explored by Lin and Ariaratnam (1980), Scanlan (1984), Tsiatas and Sarkar 
(1988), Scanlan (1993), and Chen and Kareem (2002).  Two primary load formulations were 
explored based on either indicial functions, Scanlan (1984), (Tsiatas and Sarkar, 1988, 
Caracoglia and Jones, 2003) or a rational function approximation (Roger, 1977, Karpel, 1982, 
Tiffany and Adams, 1988). The challenge was to identify the indicial functions that are impulse 
response functions for aerodynamic loads and rational functions for a given structural section. 
A method was developed for indirect extraction of indicial functions (Scanlan et al. 1974) and 
rational functions using their relationship with flutter derivatives and applied to long-span 
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bridges by Tsiatas and Sarkar (1988), Xie (1988), Xiang et al. (1988), Wilde et al. (1996), and 
Chen et al. (2000). Gan Chowdhury and Sarkar (2005) and Cao and Sarkar (2012) developed 
methods to directly extract the rational functions by measuring model displacement and 
surface pressure using free and forced vibration, respectively.   
To take advantage of time domain results, several authors developed methods to predict 
the time histories of aeroelastic loads on structures given specific wind environments.  These 
include Lin and Ariaratnam (1980), Scanlan (1984), Tsiatas and Sarkar (1988), Scanlan (1993), 
Li and Lin (1995), Scanlan (2000), Chen et al. (2000), Chen and Kareem (2002), Salvatori and 
Borri (2007), Zhang et al. (2011), Cao and Sarkar (2013), and Bera (2016). 
For time domain analysis of structures, the equations for the self-excited loads are 
written first in Laplace domain and then converted to time domain.  In previous analyses, Cao 
and Sarkar (2012), this method is only written with two-degrees-of-freedom, but has been 
extended to all three-degrees-of-freedom in the current work. The Laplace domain formulation 
with one lag term is shown in Equation (7).  Equations (8), (9) and (10) give the time domain 
formulation for the self-excited lift, drag and moment after converting from Laplace domain. 
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(10) 
where A0, A1 are the stiffness matrix and damping matrix, respectively; F is the lag matrix, all 
of order 3 x 3, and 𝜆𝐿 and 𝜆𝑀 are the lag coefficients.  The elements of A0, A1 and F matrices 
and 𝜆𝐿 and 𝜆𝑀 are known as the Rational function coefficients.  
3.3 Time-Domain Approach for Buffeting Loads 
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Turbulence induced aerodynamic load on structures have also been studied in both time 
domain and frequency domain (Simui and Scanlan, 1996).  Works in the area of buffeting loads 
on slender structures include Jones (1940), Liepman (1952), Jancauskas (1983 and 1986), 
Scanlan (1984), Chen and Kareem (2000), Holmes (2001), Hatanaka and Tanaka (2002), 
Caracoglia and Jones (2003), Zhang and Brownjohn (2003), Costa and Borri (2006), Costa 
(2007), and Piel and Behrens (2007).  Chang et al. (2010) developed a method of extracting 
the aerodynamic admittance function in frequency domain for a given section through a very 
novel approach involving wind tunnel tests and then converting it to buffeting indicial 
functions used in time-domain buffeting loads.  The total aeroelastic load can be determined 
by combining the buffeting loads and self-excited loads. 
The buffeting lift and moment per unit length for a section of an airfoil, can be written 
in frequency domain as Equations (11) – (13) where the drag and along-wind direction are not 
considered. 
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(13) 
where CL, CD, CM are the aerodynamic coefficients for the airfoil; CL’, CD’ and CM’ are the 
derivatives with respect to angle of attack; XL
2, XD
2 and XM
2 are the aerodynamic admittance 
function for lift, drag and moment, respectively; Suu, Sww and SLL, SDD, SMM are the power 
spectral density (PSD) for the wind and the load at a given reduced frequency K, respectively. 
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The buffeting lift, drag and moment per unit length for a section of an airfoil in time 
domain can be written using the derivatives of the buffeting indicial functions as a function of 
reduced time s. These are shown in Equations (14), (15) and (13). 
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(16) 
where u and w are the longitudinal and vertical components of wind turbulence fluctuations 
and ϕ’L and ϕ’M are the derivatives of the buffeting indicial functions ϕL and ϕM with respect 
to reduced time, s = Ut/c.  Note that the lateral component of wind turbulence does not 
influence the lift and moment of a horizontally-spanned structure such as a bridge or wind 
turbine blade.  
3.4 Wind Turbine Blade Aeroelasticity 
A typical aeroelastic analysis of wind turbine blades employs methods based on 
helicopter rotor dynamics (Johnson, 1980) and rely on theoretical or computational methods 
such as computational fluid dynamics.  One theoretical approach is to use the Theodorsen 
functions (Theodorsen, 1934) which are theoretically-derived aerodynamic functions for thin 
airfoils (thickness to chord ratio less than 10%).  This method has been extensively researched 
by Cho and Lee (1994), Lobitz (1998), Leishman (2002), Rasmussen et al. (2003), Riziotos et 
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al. (2004), Lobitz (2004), Lobitz (2005), Hansen and Buhl (2006), Hansen et al. (2006), Barlas 
(2007), Hansen (2007), Griffth (2011), Kallesøe (2011), Vatne (2011), Lee et al. (2012), Jeong 
et al. (2013), and Pourazarm (2015). Another extremely common method is to use quasi-steady 
approximations in frequency domain.  The quasi-steady formulations are calculated using the 
static load coefficients and their derivatives about the zero angle of attack.  These methods 
include McCroskey (1981), Ericsson and Reding (1988), Huyer et al. (1996), Thomsen (1999), 
Chaviaropoulos (1999), Butterfield et al. (2002), Hansen (2003) and Koojiman et al. (2003).   
While the Theodorsen functions and quasi-steady formulations produce reasonable 
results, they are analytically intensive to determine the aeroelastic loads. Therefore, it is 
common to use computational fluid dynamic techniques such as Noda (1999), Robinson et al. 
(1999), Chaviaropoulos (2000), Moriarty et al. (2002), Sørensen et al. (2002), Baxevanou and 
Vlachos (2004), Johansen and Sørensen (2004), Le Pape and Lecanu (2004), Tongchitpakdee 
et al. (2005), Baxevanou et al. (2008), Hoogedoorn et al. (2010), Kim et al. (2010), Lee et al. 
(2012), Cai et al. (2013), Kim et al. (2013), Mollineaux et al. (2013), and Hayat (2016).  These 
methods predict aeroelastic loads, but have little experimental data for comparison. Wind 
turbine blades consist of thick airfoils (thickness to chord ratio greater than 18%) operating at 
non-zero angles of attack. This questions the applicability of previous methods that employ 
Theodorsen functions and the quasi-steady formulations. 
4 Thesis Organization 
 The current dissertation is written in the formation of “Thesis Containing Journal 
Papers”.  The dissertation includes four manuscripts out of which three are submitted and under 
review, and the fourth one is to be submitted to a scholarly journal.  In addition, a general 
introduction chapter appears at the beginning and a general conclusion chapter appears at the 
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end of the dissertation.  Some repetition might be found in the introduction and experimental 
set-up parts of each chapter because of the use of the “Thesis Containing Journal Papers” 
format. 
The first paper, submitted to the Journal of Wind Engineering and Industrial 
Aerodynamics, appears as the second chapter of this dissertation and is titled, “Identification 
of Time-Domain Aeroelastic Load functions of a HAWT Blade for Flutter Instability and 
Response Analysis”. This paper presents the experimentally identified functions that are used 
in a time-domain formulation to predict the aerodynamic (buffeting) and aeroelastic (motion-
induced) loads of a thick asymmetric airfoil of a wind turbine blade section at different angles 
of attack. These functions that were extracted using a section model of the airfoil through a 
series of wind tunnel tests can be used to predict the loads and response of the wind turbine 
blade that can be used for health monitoring applications and flutter analysis. A parametric 
study was conducted to show the effect of blade length on the critical flutter speed of a full 
blade.  The estimated flutter speed of a 105m blade showed that the blade is susceptible to 
flutter during strong wind events. 
 The second paper, submitted to Engineering Structures, appears as the third chapter of 
this dissertation and is titled “Real-Time Prediction of Aeroelastic Loads of Wind Turbine 
Blades in Gusty and Turbulent Wind using an Improved Loads Model”. This paper presents a 
validation study to evaluate how well the experimentally extracted rational function coefficients and 
buffeting indicial function coefficients that appear in the time-domain formulation, as previously 
extracted for the NREL S830 airfoil, a low-noise and high lift to drag ratio airfoil with 21% thickness 
to chord ratio used in wind turbine blades, can predict the aerodynamic loads on a blade in different 
wind conditions, through a separate set of tests conducted on a much larger (3.3 times) section model 
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of the blade in a larger wind tunnel than originally used.  The tests were performed for different 
upstream wind conditions (smooth-wind, ramp-down gust, turbulent-wind) and the loads (lift and 
moment) were validated by simulating them in time domain using the measured displacements and 
comparing them with the measured ones. The amplitudes and pattern of the simulated aerodynamic 
loads compared reasonably well with those measured, even in gusty and more turbulent wind 
environment. However, a phase lag existed between the loads and the structural response instigating 
the development of an improved aeroelastic load model with an additional lag term. This self-excited 
load formulation with two-lag term, an algorithm to extract the associated parameters, and the results 
of the validation using a section model to show its performance in smooth, gusty and turbulent wind 
are presented here. An aeroelastic model test of a HAWT blade in a wind tunnel was used for further 
validation. The results of the validation comparison between predicted and measured loads show that 
the improved aerodynamic load formulation works very well and can be used for structural health 
monitoring of wind turbine blades. 
 The third paper, submitted to Wind and Structures, appears as the fourth chapter of this 
dissertation and is titled “A Three-Degree-of-Freedom Forced Vibration System for Time-
Domain Aerolelastic Parameter Identification”. In this paper, a novel three-degree-of-freedom 
(DOF) forced vibration system has been developed for identification of aeroelastic (self-
excited) load parameters used in time-domain response analysis of wind-excited flexible 
structures.  This system is capable of forcing sinusoidal motions on a section model of a 
structure that is used in wind tunnel aeroelastic studies along all three degrees of freedom - 
along-wind, cross-wind, and torsional - simultaneously or in any combination thereof.  It 
utilizes three linear actuators to force vibrations at a consistent frequency but varying 
amplitudes between the three.  This system was designed to identify all the parameters, namely, 
aeroelastic- damping and stiffness that appear in self-excited (motion-dependent) load 
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formulation either in time-domain (rational functions) or frequency-domain (flutter 
derivatives).  Relatively large displacements (at low frequencies) can be generated by the 
system, if required.  Results from three experiments, airfoil, streamlined bridge deck and a 
bluff-shaped bridge deck, are presented to demonstrate the functionality and robustness of the 
system and its applicability to multiple cross-section types. The system will allow routine 
identification of aeroelastic parameters through wind tunnel tests that can be used to predict 
response of flexible structures in extreme and transient wind conditions.   
The fourth paper appears as the fifth chapter of this dissertation and is titled “A 
Computational Tool for Dynamic Load and Response Predictions of a HAWT Blade in Time-
Domain with Health Monitoring Applications”.  This paper presents a computational tool to 
predict the real-time response of a wind turbine blade during operation or parked condition that 
employs three degree-of-freedom experimentally extracted aerodynamic load functions and a 
coupled aero-structural model to predict the response of the structure.  The results are validated 
by comparing to wind tunnel tests on an aeroelastic model and the NREL Phase VI wind 
turbine.  The response prediction for a typical 30-m wind turbine blade is also presented.  
Finally, a health monitoring method and strategy using inexpensive capacitance based sensors 
are presented as an application of this computational tool. 
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Abstract: Wind turbine blades for HAWTs are large flexible structures subjected to gusty and 
turbulent wind loads during operation and parked conditions.  These fluctuating wind loads 
make wind turbine blades susceptible to dynamic response that is turbulence-induced 
(buffeting) or motion-induced that can lead to flutter.  Currently, aerodynamic loads and 
response analyses of blades use a formulation developed for thin airfoils at zero or shallow 
angle of attack when in reality HAWT blades use thick airfoils and operate at non-zero angles 
of attack.  Computational fluid dynamics is often used to predict response of blades but with 
no experimental data for comparison and validation.    This paper presents the experimentally 
identified functions that are used in a time-domain formulation to predict the aerodynamic 
(buffeting) and aeroelastic (motion-induced) loads of a thick asymmetric airfoil of a wind 
turbine blade section at different angles of attack. These functions that were extracted using a 
section model of the airfoil through a series of wind tunnel tests can be used to predict the 
loads and response of the wind turbine blade that can be used for health monitoring applications 
and flutter analysis. A parametric study was conducted to show the effect of blade length on 
the critical flutter speed of a full blade.  The estimated flutter speed of a 105m blade showed 
that the blade is susceptible to flutter during strong wind events. 
25 
 
 
 
 
Keywords:  Wind Energy; wind turbine blades; rational functions; buffeting indicial functions. 
1 Introduction 
Aeroelasticity is the study of the significant interaction of aerodynamic forces with the 
elastic response of a flexible structure.  This study is typically divided into three main types of 
loading: self-excited, buffeting, and vortex-induced.  Self-excited loads (motion-induced) can 
result in flutter that occurs above a specific critical wind speed where small-amplitude motions 
of the structure induced by the aerodynamic loads diverge to large-amplitude vibrations.  
Buffeting loads are induced by upstream wind and blade-induced turbulence.  Vortex-induced 
loads cause large amplitude vibrations over a specific range of wind speeds or the “lock-in” 
wind speed.  The combined effect of these three loads depict the response of a specific structure 
in any given wind condition.  Wind turbine blades are light-weight, long and slender structures 
making them flexible and susceptible to self-excited loads.  Presence of high turbulence in the 
wakes of the upstream turbines or sometimes in the upstream flow over urban-suburban areas 
in the vicinity of the wind turbine makes its blades very susceptible to buffeting loads.  Vortex-
induced loads are not typically a problem for airfoils, but might need to be considered in future 
blade designs that incorporates much thicker airfoils. 
A frequency-domain approach is widely used for the aerodynamic loads.  Self-excited 
loads of wind turbine blades are often calculated using Theodorsen Functions [1] that are 
theoretically-derived aerodynamic functions for thin airfoils (thickness to chord ratio less than 
10%) [2,3,4]. The response analysis of blades currently requires a mixed-domain (frequency 
domain and time domain) [5] approach because the loads are expressed in frequency domain 
whereas the equations of motion are in time domain. Another estimation of the self-excited 
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loads uses the pseudo-steady formulation [6,7,8] of the flutter derivatives which are defined 
by the static aerodynamic force coefficients and their derivatives with respect to angle of attack 
based on the zero-degree angle. These static force coefficients and their derivatives are found 
using static tests on wind tunnel models whereas flutter derivatives are extracted using dynamic 
model tests. In a frequency-domain method, the response of the structure cannot be calculated 
at every time step continuously as a function of upstream wind which motivated the 
development of load formulation in time domain [9-13].  Alternatively, experimentally 
extracted flutter derivatives from wind tunnel tests that are functions of normalized frequency 
can be used for determining the self-excited loads on any cross section in frequency domain.   
Time domain methods for both self-excited loads and buffeting loads have been 
recently developed for application to long-span bridge aerodynamics.  Experimental extraction 
of the Rational function coefficients for self-excited loads has been done with both free 
vibration [14] and forced vibration [15] methods.  The Rational functions presented in this 
paper were extracted using a method developed by Cao and Sarkar [15].   Unlike prior time 
domain methods, this method requires experimental data taken at fewer wind speeds.  
Buffeting loads can be modeled using the aerodynamic admittance functions [16,17] in 
frequency-domain and the buffeting indicial functions in time domain.  The two formulations 
have been related using a one-sided Fourier transform to obtain the buffeting indicial functions 
from the aerodynamic admittance functions [18].  The method presented by Chang et al. [18] 
was used to extract the buffeting indicial functions presented in the paper. 
Current work on wind turbine blades rely on theoretical or computational method such 
as computational fluid dynamics to predict the aeroelastic loads with little experimental data 
for comparison [19,20].  Wind turbine blades consist of thick airfoils (thickness to chord ratio 
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greater than 18%) operating at non-zero angles of attack, questioning the applicability of the 
thin airfoil approximations that are often used in practice for calculating frequency-domain 
based aerodynamic loads on blades as mentioned before. This paper presents the Rational 
function coefficients (or Rational functions) used in self-excited-load formulation and 
Buffeting Indicial functions used in buffeting-load formulation, both in time domain, of a thick 
asymmetric airfoil of a wind turbine blade section. These functions were extracted using a 
section model of the airfoil through a series of wind tunnel tests for different angles of attack. 
2 Equations for Aeroelastic loads 
For wind turbine blades, it is sufficient to consider only the vertical and torsional modes 
of vibration because airfoils are designed to have low drag coefficients.  For other structures, 
it might be necessary to consider the lateral motion as well.  In this paper, only the self-excited 
and buffeting loads are included because vortex-induced loads are not typically a problem for 
current wind turbine blades at low angles of attack with minimal yaw misalignment.  The 
equations of motion for a wind turbine blade can be written as 
𝑚(ℎ̈ + 𝑆𝛼?̈? + 2𝜁ℎ𝜔ℎℎ̇ + 𝜔ℎ
2ℎ) =  𝐿𝑏 + 𝐿𝑠𝑒 (1) 
𝐼(?̈? + 𝑆𝛼ℎ̈ + 2𝜁𝛼𝜔𝛼?̇? + 𝜔𝛼
2𝛼) =  𝑀𝑏 + 𝑀𝑠𝑒  (2) 
where m(x) is the mass per unit length; I(x) is the mass moment of inertia about the elastic axis 
per unit length; h(x,t), α(x,t) are the vertical (cross-wind) and torsional displacements of the 
structure as a function of span-wise position (x) and time (t), respectively; Sα is the mass 
eccentricity for a known distance from the elastic axis to the center of gravity;  𝜁ℎ , 𝜔ℎ are the 
damping ratio and the natural frequency for the vertical or cross-wind mode; 𝜁𝛼 , 𝜔𝛼are the 
damping ratio and the natural frequency for the torsional mode; (   ̇) =  𝑑( ) 𝑑𝑡⁄  ; (   ̈) =
 𝑑2( ) 𝑑𝑡2⁄ ; Lse(x,t) is the self-excited lift; Mse(x,t) is the self-excited moment; Lb(x,t) is the 
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buffeting lift component; and Mb(x,t) is the buffeting moment component; each defined as per 
unit length of the wind turbine blade. For a section model of the wind turbine blade, there is 
no span-wise variation of the above parameters so these are only functions of time (t). For a 
wind-turbine blade, Eqs (1-2) can be reduced to generalized coordinates. 
 Self-excited Loads 
The self-excited lift and moment per unit length for a section of an airfoil in frequency 
domain, can be written as: 
𝐿𝑠𝑒 =  
1
2
𝜌𝑈2𝑐 [𝐾𝐻1
∗(𝐾)
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(4) 
where ρ is the air density; U is the mean wind velocity; c is the chord length; K = ωc/U is the 
reduced frequency; and Hi
* and Ai
* are the non-dimensional aerodynamic coefficients called 
flutter derivatives. 
This can also be written in time-domain using the Rational function approximation 
[21], as follows 
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where A0, A1 are the stiffness and damping matrix, respectively; F is the lag matrix, all of order 
2 x 2, and 𝜆𝐿 and 𝜆𝑀 are the lag coefficients.  The elements of A0, A1 and F matrices and 𝜆𝐿 and 
𝜆𝑀 are known as the Rational function coefficients. 
 Buffeting Loads 
The buffeting lift and moment per unit length for a section of an airfoil, can be written 
in frequency domain as: 
2
2 22 ' 2
2 2
1
( ) ( )
2
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where CL, CD, CM are the aerodynamic coefficients for the airfoil; CL’ and CM’ are the 
derivatives with respect to angle of attack; XL
2 and XM
2 are the aerodynamic admittance 
functions for lift and moment, respectively; Suu, Sww and SLL, SMM are the power spectral density 
(PSD) functions for the wind and the load at a given reduced frequency K, respectively. 
The buffeting lift and moment per unit length for a section of an airfoil in time domain 
can be written using the buffeting indicial functions as a function of reduced time s, as follows: 
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u and w are the longitudinal and vertical components of wind turbulence fluctuations and ϕ’L 
and ϕ’M are the derivatives of the buffeting indicial functions ϕL and ϕM with respect to reduced 
time, s = Ut/c. 
The rational function coefficients and buffeting indicial functions in time-domain are 
related to the flutter derivatives and admittance functions in frequency-domain, respectively.  
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It is only necessary to extract either the time-domain or the frequency-domain functions since 
one can be estimated from the other. In this paper, the experimentally extracted Rational 
function coefficients that are used for expressing the self-excited loads in time domain were 
converted to flutter derivatives only for the purpose of validation. For the buffeting loads, the 
frequency-domain aerodynamic admittance functions were extracted directly from the wind 
tunnel measurements and converted to the time-domain buffeting indicial functions that were 
then validated. 
3 Experimental Set-Up 
 Description of Wind Tunnel Used 
The experiments were performed in the Bill James Open-Return Wind Tunnel, which 
is located in the Wind Simulation and Testing Laboratory (WiST Lab) in the Department of 
Aerospace Engineering at Iowa State University.  This wind tunnel has a test section of 0.915 
m (3.0 ft) width by 0.762 m (2.5 ft) height and its maximum wind velocity is 75 m/s (246 ft/s). 
 Model, suspension system and forced vibration mechanism 
The National Renewable Energy Laboratory (NREL) has designed a family of S-series 
airfoils that are thick (high thickness to chord ratio), generate low-noise during operations and 
aerodynamically efficient with high lift-to-drag ratio, for use in 20-25 m wind turbine blades.  
A 3D-printed section model of a blade with a relatively smooth surface (16-micron) was 
constructed using a S830 airfoil that has a 21% thickness to chord ratio and makes up almost 
60% of the span of a full 30m blade.  The chord of the airfoil was set to be 0.15 m (6 in) to 
ensure that at the maximum angle of attack tested the blockage ratio would not exceed 5%. 
The maximum lift-to-drag ratio for this airfoil was found to occur at a 6 degree angle of attack, 
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therefore 0, 3, 6, and 9 degree angles of attack were used for testing to ensure that the operating 
angle of attack of a wind turbine blade across its power curve were taken into account. Rational 
function coefficients and buffeting indicial functions were both found at all four angles of 
attack.  The cross section of the S830 airfoil is shown in Figure 1. 
 
Figure 1: Profile of the S830 airfoil used in experimental tests 
The three degree of freedom system developed by Sarkar et al. [22] was used in this 
experiment.  This system allows for independent vertical, horizontal and torsional motions or 
a combination thereof. A forced vibration technique requires forced sinusoidal motions of the 
section model with constant amplitude and frequency which is accomplished using the driving 
mechanism shown in Figure 2.  This driving mechanism consists of two motors placed outside 
the wind tunnel and connected to the section model by four aluminum rods.  The separate 
Figure 2: Driving Mechanism on the top of the test section and section model inside the test 
section. 
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motors allow for the frequency of model vibration in two degrees of freedom to be changed 
independently.   
 Displacement Measurement 
The vertical displacement of the model was extracted by measuring the elastic force in 
two springs which are connected to the model at one end and strain-gage-type force transducers 
at the other end.  A torque transducer was mounted in the system to measure the torque at one 
end of the shaft and, therefore, the torsional displacement. The measured displacement time 
histories along each degree of freedom were compared to physical measurements to ensure 
accuracy of the results.  LabView SignalExpress (National Instruments) was used for data 
acquisition, with a sampling rate of 625 Hz, for measuring forces and torque. The data was 
collected for 60 s ensuring sufficient duration to extract Rational function coefficients. 
 Aerodynamic Load Measurement 
The aerodynamic loads (lift and moment) were derived from the pressures measured 
by 34 pressure taps placed equally along upper and lower surfaces at the mid-plane of the 
model.  Two 64-channel pressure modules (Scanivalve ZOC33/64 Px) were used to measure 
the pressures. The sampling rate for the pressures was 312.5 Hz (half of the displacement 
sampling rate).  Scanivalve’s Scantel program was used for pressure data acquisition. A 
frequency response correction was not necessary for the pressure data because the flexible 
tubes (length 0.35m) that connected the pressure modules to the pressure taps were short [23].   
Synchronization of the data between aerodynamic load and displacement was done by finding 
the relative shift in time between the two time histories that gives the maximum correlation 
between the two sets of data and shifting one time history by this relative time shift to reset its 
initial time t = 0. This ensures that the physical lag, F and 𝜆, coefficients were found correctly. 
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 Velocity Fluctuation Measurement 
 A Cobra Probe (Turbulent Flow Instrumentation) was used in these tests to measure 
the three directions, u, v and w, and their corresponding turbulence intensities.  Data was 
acquired using Turbulent Flow Instrumentation’s (TFI) Device Control Software.  The probe 
was placed right in front of the airfoil section model.  The sampling rate for the velocity 
measurements was 625 Hz.  
4 Procedure 
A Least Squares method was developed by Cao and Sarkar [15] to extract time-domain 
rational function coefficients from forced vibration wind tunnel tests in smooth flow (TI < 
0.5%).  This method uses the simultaneous time histories of the forced displacement and the 
dynamic aerodynamic loads (lift and moment) at two wind speeds.  The derivatives of these 
time histories are also obtained by the finite difference method applied to the original time 
history.  Vectors, formed by the time histories, are used to solve for the rational function 
coefficients using a Least Squares approach.  This method is more efficient than previous 
methods because it only requires testing at two wind speeds. 
Extraction of the buffeting indicial function coefficients was done using a method 
developed by Chang et al. [18].  In this method sinusoidal fluctuations are generated using a 
gust generator.  The gust generator consists of two flat plates (parallel, 203.2 mm apart) that 
were forced to oscillate in the torsional direction with the help of a motor connected by a set 
of levers.  The gust generator is placed 0.15 m (6 in) from the leading edge of the airfoil and 
the plates could oscillate with amplitudes of ±6 degrees.  Time histories of the wind 
fluctuations and static aerodynamic loads (lift and moment) are used to determine the power 
spectral density (PSD) functions that lead to determining the aerodynamic admittance 
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functions.  Finally, a one-sided sinusoidal Fourier transform is applied to determine the 
coefficients for the buffeting indicial functions.  These tests are conducted for a range of wind 
speeds and gust generator frequencies to get the full spectrum of the desired reduced 
frequencies. 
5 Experimental Results and Discussion 
 Static Load Coefficients 
The static load coefficients (CL, CD, CM) for the S830 airfoil from wind tunnel tests at 
selected angles of attack (0°, 3°, 6°, 9°) that are used for the buffeting formulation are presented 
in Figure 3.  These results were obtained by integrating the surface pressure data. The load 
coefficients and the distribution of the coefficient of pressure (Cp) along the surface of the 
blade were compared with the theoretical predictions of the S830 airfoil in Somers [29] taking 
into account the lower Reynolds number (Re = 
𝑈𝑐
𝜐
 = 6×104-1×105) in the wind tunnel. The 
static load coefficients determined were slightly off from Somers [29] as in Fig. 3 but were 
comparable.  These pressure coefficients are later used in determining the Rational functions 
and buffeting indicial functions.  
 
Figure 3: Wind Tunnel static load coefficients for the S830 airfoil compared to Somers [29] 
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 Rational Functions 
The torsional and vertical forced vibration frequencies were both 2.5 Hz and  4 different 
wind speeds were used, 6 m/s, 8 m/s, 10 m/s and 14 m/s, however only the data obtained at 6 
m/s and 14 m/s were used in the algorithm.  The range of reduced velocities tested was 16 to 
37. The Rational function coefficients (Eqns. 5-6) extracted from the wind tunnel tests at each 
angle of attack are given in Table 1.  To validate the Rational functions extracted, they were 
converted to flutter derivatives (Eqns. 3-4) and compared to previously extracted flutter 
derivatives for the NACA0020 airfoil [24].  Figure 4 shows the plots of each of the 8 flutter 
derivatives for all four angles of attack along with the results from NACA0020 (symmetric 
airfoil with 20% max. thickness to chord ratio).   
From these results, it is obvious that the angle of attack of the airfoil influences  the 
flutter derivatives significantly.  Also, it is observed that the S830 airfoil that is assymetric 
behaves approximately like the symmetric NACA0020 airfoil at an angle of attack of 6 degrees 
which is also the angle where it has its maximum lift-to-drag ratio.  The most drastic difference 
occurs at the 9 degree angle of attack.  During oscillation at this mean angle of attack the airfoil 
enters stall regime causing other phenomena to take over. 
The flutter derivatives are  used to determine aeroelastic properties such as 
aerodynamic damping from H1
* and aerodynamic stiffness from H4
* associated with the 
vertical motion.  The critical flutter speed is the wind speed  when the damping goes to zero, 
or when the energy in the wind no longer works to add damping to the structure.  For flutter to 
occur in airfoils, that have positive aerodynamic damping associated with vertical or torsional 
motion alone, it needs to have coupled vertical-torsional motion. 
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Table 1: Rational Function Coefficients for the S830 airfoil at 4 different angles of attack. 
AOA A0 A1 F λL λM 
0 [
3.1891 39.6841
3.8523 −11.2963
] [
−8.0802 −6.2087
0.9183 2.9140
] [
−3.4423 −43.9978
−4.0923 11.9773
] 0.0156 0.0053 
3 [
−8.2582 −14.2616
1.2395 5.4781
] [
−7.0203 −7.4707
1.2396 3.0931
] [
6.9796 8.9027
−0.8657 −4.9014
] 0.0157 0.0282 
6 [
−1.3028 −13.4336
1.3960 6.5530
] [
−7.7445 0.4843
1.2162 −1.3357
] [
0.9667 7.6461
−1.3221 −5.1564
] 0.0437 0.0161 
9 [
−3.8244 −24.1905
2.1193 11.3894
] [
−1.7487 −29.6078
0.2794 2.6984
] [
3.0300 20.1031
−1.9274 −10.4851
] 0.0587 0.0120 
 
   Using the Rational functions in Table 1, the flutter speed for the designed 30 m wind 
turbine blade was calculated as 100.01 m/s corresponding to the case when it is stationary 
parallel to the ground, with a pitch set to 0 degrees meaning that none of the blade airfoils are 
in the stall region. For this calculation it was fair to assume that the other thick airfoils would 
behave similar to the S830 because of the comparison with the thick NACA0020.  This is a 
very high flutter speed implying that the blade is not susceptible to flutter within the design 
wind speed when it is in this configuration.  However, the flutter speed is expected to change 
significantly when rotation of the blade and the shear from the planetary boundary layer are 
taken into account with the possiblitiy that the airfoils will occasionally enter the stalled region 
on the lift curve. 
 Buffeting Indicial Functions 
The frequency of the gust generator and the wind speed were both chosen to obtain a 
range of reduced frequency (K) from 0.02 to 0.6.  Specifically the frequency of the gust 
generator ranged from 0.36-2.9 Hz while the velocity varied from 2.5-15 m/s.  The lift and 
moment aerodynamic admittance functions for the S830 airfoil corresponding to the four 
angles of attack were extracted for the S830 airfoil.  Figure 5 shows all the four pairs of  
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Figure 4: Comparison of experimentally obtained flutter derivatives for the NACA0020 
airfoil with those from the S830 airfoil 
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aerodynamic admittance functions.  The aerodynamic admittance function is 1 at K = 0 which 
corresponds to a smooth flow. The Sear’s Function [25] is often used as a thin airfoil 
approximation of the aerodynamic admittance function for lift so it is used here for comparison.  
The aerodynamic admittance functions are then transformed  using a one-sided inverse Fourier 
transform to determine the derivatives of the buffeting indicial functions, given in Table 2.  
When the Sear’s Function is transformed using this inverse fourier transform relationship it  
results in  the time-domain equivalent Küssner function, also shown for comparison. 
The aerodynamic admittance functions for the lift and moment are very consistent for 
the three angles of attack (0, 3, 6 deg.) and these resemble the Sear’s fucntion. A cut-off limit 
of K = 0.2 was chosen for the aerodynamic admittance functions because K > 0.2 corresponds 
to wind speeds that are smaller than 2.4 m/s for a typical wind turbine blade which is below 
the cut-in speeds for most multi-megawatt machines. After this limit a low Reynolds number 
flow causes other phenomena to dominate.  In most cases, the aerodynamic admittance 
function is simply taken to be 1 (smooth flow), which results in a more conservative estimation 
of the buffeting loads than those obtained by using the functions.   
 Parametric Study 
A 30 m wind turbine blade for a 1.5 MW machine was geometrically configured based 
on Blade Element Momentum (BEM) theorem using the NREL S818 (Figure 6a) at the root, 
S830 (Figure 1) for the mid-span, and S831 at the tip (Figure 6b) airfoils as suggested for a 40-
50 m diameter rotors.  Figure 7 shows the relative twist between the three types of airfoils with 
respect to the cylindrical root of the blade.  Table 3 gives the geometry of the designed blade.  
The purpose of designing this prototype blade was to demonstrate the use of aeroelastic 
functions mentioned earlier to predict the flutter speed.  The total mass of the blade was  
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Figure 5: Aerodynamic Admittance functions for the S830 Airfoil 
 
 
1.64x103 kg.  The first bending mode natural frequency was 𝜔1ℎ = 2.57 Hz and the first 
torsional mode natural frequency was 𝜔1𝛼  = 15.93 Hz. 
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Table 2: Buffeting Indicial functions for the S830 airfoil at multiple angles of attack. 
AOA 𝜙𝐿
′  𝜙𝑀
′  
0 𝜙𝐿
′ = 0.0055 ∙ 𝑒−0.026∙𝑠 + 0.087 ∙ 𝑒−0.11∙𝑠 𝜙𝑀
′ = 0.003 ∙ 𝑒−0.0299∙𝑠 + 0.166 ∙ 𝑒−0.186∙𝑠 
3 𝜙𝐿
′ = 0.016 ∙ 𝑒−0.0367∙𝑠 + 0.088 ∙ 𝑒−0.167∙𝑠 𝜙𝑀
′ = 0.0031 ∙ 𝑒−0.0326∙𝑠 + 0.189 ∙ 𝑒−0.211∙𝑠 
6 𝜙𝐿
′ = 0.0148 ∙ 𝑒−0.035∙𝑠 + 0.149 ∙ 𝑒−0.269∙𝑠 𝜙𝑀
′ = 0.00253 ∙ 𝑒−0.028∙𝑠 + 0.172 ∙ 𝑒−0.19∙𝑠 
9 𝜙𝐿
′ = 0.0215 ∙ 𝑒−0.0537∙𝑠 + 0.188 ∙ 𝑒−0.328∙𝑠 𝜙𝑀
′ = 0.0009 ∙ 𝑒−0.117∙𝑠 + 0.101 ∙ 𝑒−0.109∙𝑠 
Küssner Function 𝜙𝑤
′ = 0.053 ∙ 𝑒−0.122∙𝑠 + 0.515 ∙ 𝑒−0.972∙𝑠 
 
 
 
 
Figure 6: (a) Profile of the S818 airfoil used in root section of the blade,  
(b) S831 airofil used in the tip of the blade. 
 
Figure 7: Wind turbine blade design consisting of the S818 airfoil (blue), S830 airfoil (green) 
and S831 airfoil (red). 
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Table 3: Geometry of 30m wind turbine blade 
Location (%) Shape Chord (m) Twist (deg) 
0 Circle 1.3 0 
5.8 Circle 1.3 0 
16.67 S818 Airfoil 2.42 15.78 
75 S830 Airfoil 1.00 1.13 
95 S831 Airfoil 0.60 -1.29 
 
The blade structural properties were computed using NREL’s PreComp software.  Two 
shear webs were placed in the blade located at 15% of the chord length and 50% of the chord 
length.  Fig. 8 shows the locations of the elastic axis and the center of gravity at each location 
along the blade as well as the locations of the two shear webs along the blade. The figure on 
the right zooms in on the locations of the elastic axis and the center of gravity with the largest 
deviation between them being 3 mm. The mode shapes for the wind turbine blade were 
computed using NREL’s BModes software.  A 0-pitch angle of attack and no rotation were 
assumed in the calculations.   
 
Figure 8: Wind turbine blade structural parameters; (left) Full blade about the pitch axis, 
(right) the distance between the pitch axis and the elastic axis and center of gravity along the 
blade. 
A parametric study was conducted to investigate the effect of blade length on the 
critical flutter speed of a wind turbine blade.  The following scaling laws (Eqns. 11-12), defined 
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by Manwell et al. [26], were applied to change the various parameters affected by the change 
in the length of the blade (R).  In this analysis, the frequency ratio, 𝜔𝛼/𝜔ℎ remained constant 
as that of the prototype blade. 
𝑚1
𝑚2
= (
𝑅1
𝑅2
)
3
                 𝑚 ~ 𝑅3 (11) 
𝜔𝑛1
𝜔𝑛2
= (
𝑅1
𝑅2
)
−1
              𝜔𝑛~ 𝑅
−1 (12) 
 
where m1, ωn1, m2 and ωn2 are the mass and natural frequency of the prototype blade (R = R1 
= 30 m) and the larger blade (R = R2), respectively. 
The flutter speeds were determined using a mechanically uncoupled and 
aerodynamically coupled equation of motion applied in a blade-element type method.  In this 
case, the center of stiffness and the definition of h, α and the forcing functions is done about 
the center of gravity of the airfoils allowing for the use of a mechanically uncoupled equation 
of motion. This involved dividing the blade into multiple sections and integrating to get the 
final result. The rational function coefficients extracted in this paper had h, α, Lse, and Mse 
defined about the third chord axis of the airfoil.  The relations given in Eq. 13 were used to 
correctly determine the self-excited lift at the elastic axis where e(r) is defined as the distance 
between the pitch axis (PA) and the elastic axis (EA).  Eq. 14 was used to determine self-excited 
moment at the elastic axis. 
ℎ𝑃𝐴 = ℎ𝐸𝐴 − 𝑒(𝑟)𝛼𝑃𝐴 
𝛼𝑃𝐴 = 𝛼𝐸𝐴 
(13) 
𝑀𝐸𝐴 = 𝑀𝑃𝐴 + 𝑒(𝑟)𝐿𝑃𝐴 
(14) 
While this analysis was performed for a stationary blade, it can also be done for a blade 
with rotation by applying the relative velocity at each blade section as opposed to the mean 
wind speeds and using the blade mode shapes with rotation.  The addition of rotation will 
43 
 
 
 
impart two major changes.  First, when the blade is rotating, centrifugal stiffening will increase 
the fundamental frequencies of the blade [26].  Second, in these calculations a constant wind 
speed was applied along the entire blade.  With rotation, the interior sections of the blade see 
much lower relative wind speeds than the outer region, changing the dynamic behavior of the 
blade and the critical flutter speed of the entire blade structure. 
Table 4 shows the calculated flutter speeds for the horizontally stationary wind turbine 
blade at 0 deg pitch of varying lengths. This calculation is done to mimic the normal conditions 
during operation without including the effects of rotation. As the blade length increases the 
flutter speed reduces drastically.  Figure 9 shows this very clearly.   Previous analyses of wind 
turbine blade flutter focus on the rotor as a whole and show a similar plot of rotor flutter speed 
(rpm) with rotor diameter [27].  Griffith and Ashwill [28] showed that the SNL-100, a 
theoretical 100 m blade, has a ratio of estimated flutter speed to operating speed of 1.0-1.1:1.0 
meaning that this blade would be extremely susceptible to flutter during operation.  This 
analysis [28], which employed thin airfoil approximations, also showed the same reduction 
(about ½) in critical flutter speed between a 34-m and a 100-m blade. The analysis presented 
here shows that a comparable blade of similar length (105 m) would also be susceptible to 
flutter during strong wind events when stationary.  Therefore, as longer blades are developed, 
analysis for both stationary and rotating configurations must be performed to ensure the safety 
of the designed blade. 
Table 4: Change in flutter speed with blade length 
Blade Length 30 m 45 m 60 m 75 m 90 m 105 m 
Estimated flutter 
speed (m/s) 
100.01 93.91 85.58 75.42 58.95 49.47 
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Figure 9: Plot of critical flutter speed with blade length 
 
6 Conclusions and Future Work 
The results presented here shows that the angle of attack of a HAWT blade that 
dynamically varies along its span plays an important role in the dynamic loads and response 
of the blade.  For the self-excited loads, the thick, asymmetric S830 airfoil behaves mostly like 
the symmetric thick NACA0020 airfoil at an angle of attack of 6 degrees.  Admittance 
functions associated with moment (XM
2) are similar to the Sear’s Function for 0, 3, 6 cases up 
to K = 0.1 whereas admittance functions associated with lift (XL
2) drastically differs from the 
Sear’s Function.  Wind turbines are often operating with a 2 to 3 degree error in pitch, which, 
as can be seen from the results presented, could lead to drastically different loads and response 
than expected.  The parametric study presented here also shows that as blade length increases, 
the blades become more susceptible to flutter when stationary during high wind events and 
possibly during operation.  This suggests that there must be additional design considerations 
taken into account to ensure the safety of these larger blades. 
Future work aims to validate these results through a multi-step validation.  First, the 
loads and response of a section of a wind turbine blade will be simulated in a wind tunnel and 
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analyzed.  The validation will be accomplished by comparing the fluctuating loads as measured 
on an aeroelastic blade model (non-rotating) that is large, flexible, and tapered and subjected 
to turbulent wind in a larger wind tunnel with those predicted by the extracted Rational 
functions and the buffeting indicial functions.   The second validation will use a rotating blade 
model with appropriate angle of twist in a wind tunnel.  The rotation will result in an increased 
wind speed along the span of the blade which will affect its flutter speed.  Verifying the 
response of the rotating blade below the flutter speed by comparing with those calculated using 
the load functions presented here will verify the applicability of these results to a full wind 
turbine blade. 
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CHAPTER 3. REAL-TIME PREDICTION OF AEROELASTIC LOADS 
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Abstract: The traditional method of flutter analysis of wind turbine blades employs a mixed-
domain (frequency- and time- domain) formulation for self-excited aerodynamic loads, 
because flutter derivatives are functions of reduced frequencies. However, a time-domain 
formulation for self-excited and buffeting loads allows the equations of motion to be 
continuously solved for response time histories of wind turbine blades below flutter speed and 
captures the transient response in gusty and turbulent winds. The rational function coefficients 
and buffeting indicial function coefficients that appear in the time-domain formulation were 
previously extracted for the NREL S830 airfoil, a low-noise and high lift to drag ratio airfoil 
with 21% thickness to chord ratio used in wind turbine blades, using section model tests in a 
wind tunnel. The objective of the current study is to evaluate how well these experimentally 
extracted coefficients can predict the aerodynamic loads on a blade in different wind 
conditions, through a separate set of tests conducted on a much larger (3.3 times) section model 
of the blade in a larger wind tunnel than originally used.  The tests were performed for different 
upstream wind conditions (smooth-wind, ramp-down gust, turbulent-wind) and the loads (lift 
and moment) were validated by simulating them in time domain using the measured 
displacements and comparing them with the measured ones. The amplitudes and pattern of the 
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simulated aerodynamic loads compared reasonably well with those measured, even in gusty 
and more turbulent wind environment. However, a phase lag existed between the loads and the 
structural response instigating the development of an improved aeroelastic load model with an 
additional lag term. This self-excited load formulation with two-lag term, an algorithm to 
extract the associated parameters, and the results of the validation using a section model to 
show its performance in smooth, gusty and turbulent wind are presented here. An aeroelastic 
model test of a HAWT blade in a wind tunnel was used for further validation. The results of 
the validation comparison between predicted and measured loads show that the improved 
aerodynamic load formulation works very well and can be used for structural health monitoring 
of wind turbine blades. 
 
Keywords: HAWT Blade; Time-domain formulation, Aeroelastic load prediction; Simulation 
and response in gusty and turbulent wind; Structural health monitoring application 
 
1 Introduction 
Traditional analysis for calculating response of a slender structure such as an airplane 
wing or a long-span bridge subject to aerodynamic loads employs a frequency-domain 
formulation of the loads which works on the assumption that the incident wind is stationary 
and the response of the structure is sinusoidal or near-sinusoidal, neither of which is true. The 
current response analysis of a wind-turbine blade subject to self-excited aerodynamic loads 
(motion-dependent) uses Theodorsen functions [1] that are theoretically-derived functions for 
thin airfoils (thickness to chord ratio less than 10%) [2-4] or uses experimentally-derived flutter 
derivatives, both of which are functions of reduced frequency [5]. Similarly, the buffeting 
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aerodynamics loads (originating from turbulence) are expressed in terms of aerodynamic 
admittance functions that are in frequency domain. 
The analysis of the dynamic equations of motion that uses this formulation of self-
excited aerodynamic loads and buffeting loads are not so convenient because it is of mixed-
domain (frequency- and time-domain). To utilize this load formulation, in the absence of 
experimental data, some authors use the pseudo-steady formulation [6-8] of the flutter 
derivatives that are based on approximate expressions of the flutter derivatives and quasi-
steady theory for buffeting loads, both of which are expressed in terms of the static force 
coefficients and their derivatives with respect to angle of attack about the zero-degree angle of 
attack. Wind turbine blades consist of thick airfoils operating at non-zero angles of attack, 
questioning the applicability of these approximations. Alternately and preferably, flutter 
derivatives and aerodynamic admittance functions of the airfoil sections [9,10] of the wind 
turbine blades can be extracted from wind tunnel tests, however, these frequency-domain 
formulations of loads based on static or dynamic tests, cannot be used to continuously predict 
the response of wind turbine blades in real time. Therefore, time-domain formulations for 
aerodynamic loads [11-14] were proposed and investigated because these are more suitable for 
gusty or non-stationary incident wind, finite element modeling, feedback-dependent structural 
control, and fatigue-life prediction. The aerodynamic load formulation in time domain uses the 
rational function coefficients for self-excited loads and the indicial functions for buffeting 
loads. Cao and Sarkar [15] developed a system-identification algorithm to experimentally 
extract the rational function coefficients while Chang and Sarkar [16] developed a method to 
experimentally extract the buffeting indicial functions. These functions were shown to 
accurately predict the aerodynamic loads in time domain for a streamlined bridge deck [17]. 
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Sauder and Sarkar [18] employed these system identification methods [15, 16] to extract the 
rational function (RF) coefficients and the buffeting indicial functions (IF) for a thick, 
asymmetric wind turbine blade airfoil corresponding to four mean angles of attack.  In the 
current paper, these time-domain RF and buffeting indicial function coefficients are used to 
predict the total aeroelastic loads acting on a section model of a wind-turbine blade subject to 
stationary wind, ramp-shaped gusty wind, and turbulent wind. The predictions were compared 
to the measured loads to validate the aeroelastic load formulation as applied to a wind-turbine 
blade.  It was observed that while the amplitudes of the aerodynamic loads were predicted well 
there was a slight time lag between the measured and simulated data.  The self-excited part of 
the aerodynamics load formulation was therefore modified by employing an additional lag 
term in the RF approximation increasing it to two-lag term formulation instead of a one-lag 
term one and the calculations were repeated to see if there was any improvement in the time 
lag error. The two-lag formulation of the self-excited aeroelastic loads in time domain using 
the RF coefficients and an algorithm to extract these parameters are presented here along with 
the results of the predictions (simulations) from both the one-lag and two-lag formulations to 
show how well these compare with the measured data. Further validation of the two-lag 
formulation is carried out by predicting and measuring the aeroelastic loads (lift and moment) 
at the root of a 1:6-scaled aeroelastic model of a 30-m wind-turbine blade in the wind tunnel. 
2 Time-Domain Equations for Aeroelastic Loads 
For wind turbine blades, it is sufficient to consider only the vertical and torsional modes 
of vibration because airfoils are designed to have low drag coefficients.  For other structures, 
it might be necessary to consider the along-wind motion as well. In this paper, only the self-
excited and buffeting loads are included because vortex-induced loads are not typically a 
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problem for current wind turbine blades at low angles of attack. The equations of motion 
defined about the center of gravity of a section model can be written as 
𝑚(ℎ̈ + 2𝜁ℎ𝜔ℎℎ̇ + 𝜔ℎ
2ℎ) = 𝐿𝑎𝑒 =  𝐿𝑏 + 𝐿𝑠𝑒 (1) 
𝐼(?̈? + 2𝜁𝛼𝜔𝛼?̇? + 𝜔𝛼
2𝛼) = 𝑀𝑎𝑒 =  𝑀𝑏 + 𝑀𝑠𝑒  (2) 
  
where m is the mass per unit length; I is the mass moment of inertia about the centroidal axis 
per unit length; h, α are the vertical (cross-wind) and torsional displacements, respectively; 
𝜁ℎ , 𝜔ℎ are the damping ratio and the natural frequency for the vertical mode; 𝜁𝛼 , 𝜔𝛼 are the 
damping ration and the natural frequency for the torsional mode; (   ̇) =  𝑑( ) 𝑑𝑡⁄ ; (   ̇) =
 𝑑( ) 𝑑𝑡⁄ ; Lae is the total aeroelastic lift; Mae is the total aeroelastic moment; Lse is the self-
excited lift; Mse is the self-excited moment; Lb is the buffeting lift component; and Mb is the 
buffeting moment component, all loads are defined as per unit length. 
2.1 Self-excited loads 
The self-excited lift and moment for a wind turbine blade section in time-domain, as 
obtained by transforming the rational function formulation from Laplace domain, can be 
written for one lag term as [15] 
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where ρ is the air density; U is the mean velocity; c is the chord length; A0, A1 are the stiffness 
and damping matrix, respectively; F is the lag matrix, all of order 2 x 2, and 𝜆𝐿 and 𝜆𝑀 are the 
lag coefficients. The elements of A0, A1 and F matrices and 𝜆𝐿 and 𝜆𝑀 are known as the 
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Rational function (RF) coefficients.  The procedure for extraction of the RF coefficients (one-
lag) is given in [15]. The cross-sectional loads for a full wind- turbine blade can by calculated 
by employing a blade element type approach that uses these 2D-section loads. 
2.2 Buffeting Loads 
In time domain, buffeting lift and moment for a wind turbine blade section can be 
formulated using the buffeting indicial functions in terms of non-dimensional time, s = Ut/c, 
as follows: 
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where u and w are the longitudinal and vertical components of wind turbulence fluctuations 
and ϕ’L and ϕ’M are the derivatives of the buffeting indicial functions ϕL and ϕM with reduced 
time. CL, CD, and CM are the static force coefficients for lift, drag, and moment, respectively, 
and CL’ and CM’ are the derivatives with respect to angle of attack. 
3 2-Lag Term Formulation of Self-Excited Loads and Parameter Extraction 
Using Minimum State Rational Function Approximation (MS-RFA) formulation, 
Roger [19] derived the following Laplace-domain formulation for aerodynamic self-excited 
forces with two lag terms: 
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where c is the chord length, U is the mean wind velocity, 𝑝 = 𝑖𝐾 is the non-dimensional 
Laplace domain variable, K = Bω/U is the reduced frequency of the vibration, where ω = 2πf 
is the circular frequency of the vibration, ‘^’ denotes the Laplace transformation of the 
corresponding time domain function, Lse and Mse are self-excited lift and moment, respectively, 
h is vertical displacement and α is torsional displacement. Q is Rational Function matrix 
consisting of four Rational Functions and 0A , 1A , 𝐹, 𝐺 and λ are Rational Function 
Coefficients. 0A , 1A are stiffness matrix and damping matrix, respectively, and 𝐹 and 𝐺 are the 
lag matrices, all of order 2×2, λ𝑖 are lag coefficients corresponding to lift and moment, and 
?̂? = [ℎ̂/𝐵 ?̂?]𝑇 is the displacement vector. Multiplying both sides with (𝑝 + 𝜆1)(𝑝 + 𝜆2), and 
applying inverse Laplace transformation on both sides of Equation (7), two time-domain 
equations for lift and moment can be obtained respectively as: 
2 2
2
3 4 1 2 3 4
1
2
se L se L se
U U U U B
L L L U c q q q q
B B B B U
      
          
                            
(8) 
2 2
2 2
3 4 5 6 7 8
1
2
se M se M se
U U U U B
M M M U c q q q q
B B B B U
      
          
                            
(9) 
where 𝜆3 = 𝜆1 + 𝜆2 and 𝜆4 = 𝜆1𝜆2 
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(10) 
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Equations (8) and (9) can be written in a matrix form as: 
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(13) 
Therefore, the problem reduces to extracting 𝐴𝐿 and 𝐴𝑀 from a two-DOF test. In a 
forced vibration experiment, displacement and aeroelastic force time histories are recorded, 
and their derivatives can be obtained by finite difference method applied to original time 
histories.  Thus, vectors 𝑋𝐿, 𝑋𝑀, 𝑏𝐿 and 𝑏𝑀 in the above equations can be formulated. Finally, 
vectors 𝐴𝐿 and 𝐴𝑀 can be solved by Least Squares method as: 
  
1
T T
L L L L LA b X X X


,    
  
1
T T
M M M M MA b X X X


 
(14) 
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This formulation can easily be extended to include the lateral degree of freedom with 
or without the second lag term.  Finally, by taking the Laplace transform the time-domain 
formulation can be written as 
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(16) 
4 Validation using Section Model  
The experiments described here were performed on a larger (3.3 times) section model 
of a wind turbine blade in a larger (7.7 times) wind tunnel (AABL Wind and Gust Tunnel) 
compared with the previous set of experiments used for extraction of rational function 
coefficients and buffeting indicial functions using a smaller section model in a smaller wind 
tunnel (Bill James Wind Tunnel). There were two reasons for these validation tests: the first 
one being the larger wind tunnel allowed to test a larger-scaled model showing that the 
extracted functions can be used to predict loads on a larger section model and that too in a 
different setting and hence studying if there are any scale effects; the capability of the larger 
wind tunnel to generate turbulence and gusts facilitated the study of how the self-excited load 
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formulation that used parameters extracted in a smooth flow worked in turbulent and transient 
flow conditions.  
4.1 Description of Wind Tunnel Used 
The experiments described here were performed in the Aerodynamic and Atmospheric 
Boundary Layer (AABL) Wind and Gust tunnel located in the Wind Simulation and Testing 
Laboratory (WiST Lab) in the Department of Aerospace Engineering at Iowa State University. 
This wind tunnel has an aerodynamic test section of 2.44 m (8.0 ft) width × 1.83 m (6.0 ft) 
height, an atmospheric boundary layer test section of 2.44 m (8.0 ft) width × 2.21 m (7.25 ft) 
height, and a designed maximum wind speed of 53 m/s (173.9 ft/s) in the aerodynamic section. 
An active gust generator that is used for gust generation in this study was developed and 
implemented by Haan et al. [20] in this wind tunnel. The gust generator works by diverting air 
to and from the main duct to a bypass duct which allows the flow velocity in the test section to 
be increased or reduced in a short duration. 
4.2 Model 
A profile view of the National Renewable Energy Laboratory (NREL) S830 (21% 
thickness to chord ratio) airfoil is shown in Fig. 1. This airfoil is part of the S-series family of 
airfoils that are thick (high thickness to chord ratio), generate low-noise during operation and 
is aerodynamically efficient with high lift-to-drag ratio, for use in 20-25 m wind turbine blades.   
 
Figure 1: Non-dimensionalized profile of the NREL S830 airfoil. 
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The section model used for the experiment is shown in Fig. 2. The model is constructed 
out of a rectangular wooden spar with foam airfoil sections mounted over the top. The length 
L, chord length c, and thickness t of the model are about 1.52, 0.508, and 0.107 m, making this 
model 3.3 times larger than the section model that was used to extract the rational function and 
buffeting indicial function coefficients as described later. The two-DOF model suspension 
system used in this experiment is also shown in Fig. 2. The suspension system enables vertical 
(h) and torsional () motions using 12 linear helical springs, six at each end of the model. Free 
vibration tests were completed prior to the wind tests to determine the two uncoupled stiffness 
coefficients of the two-DOF system for each DOF, calculated as Kh = 2,233.5 N/m and Kα = 
103.72 Nm/rad, respectively. The natural frequencies were also measured in the free vibration 
tests as fh = 1.98 Hz and fα = 3.43 Hz and the mechanical damping ratios of the system as 𝜁ℎ = 
0.24% and 𝜁𝛼 = 0.45%. To induce coupling and hence vibration in the model, two C-clamps 
were added as lumped masses, one on each side of the model span at a distance of 0.25 m 
downstream of the model shaft. The mass and the mass moment of inertia of the entire dynamic 
system were M = 14.88 kg and IT = 0.59 kg/m2. 
 
 
Figure 2: Section model and experimental set up: (left) view from downstream; (right) view 
from side. 
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4.3 Rational and Indicial Functions for the S830 airfoil 
The rational function coefficients and the derivatives of the buffeting indicial functions 
for a NREL S830 airfoil at different wind angles of attack (0°, 3°, 6°, 9°) are given in Sauder 
and Sarkar [18]. These were extracted using two separate sets of experiments with a section 
model (c = 152.4 mm, t = 32 mm, L = 450 mm) of the NREL S830 airfoil with end plates that 
was placed in the Bill James Wind Tunnel (0.915 m width by 0.762 m height), an open return 
tunnel in the Wind Simulation and Testing Laboratory at Iowa State University. In these 
experiments four mean angles of attack were used (0, 3, 6, 9 deg), but the validation effort 
presented here corresponds to only the 3° angle of attack (AOA). The RF coefficients (one-lag 
term formulation) and derivatives of the buffeting indicial functions for a NREL S830 airfoil 
at 3° AOA are given below: 
 
𝐴0 = [
−8.2582 −14.2616
1.2395 5.4781
]; 𝐴1 = [
−7.0203 −7.4707
1.2396 3.0931
]; 𝐹 = [
6.9796 8.9027
−0.8657 −4.9014
] 
𝜆𝐿 = 0.0157; 𝜆𝑀 = 0.282 
 
𝜙𝐿
′ = 0.016 ∙ 𝑒−0.0367∙𝑠 + 0.088 ∙ 𝑒−0.167∙𝑠 
𝜙𝑀
′ = 0.0031 ∙ 𝑒−0.0326∙𝑠 + 0.189 ∙ 𝑒−0.211∙𝑠 
 
In these tests, the static force coefficients (as in Eqs. 5 and 6) were also measured as follow: 
CL= 1.034, CL’ = 6.035, CD = 0.008, CM = -0.21, CM’ = -0.1738. 
4.4 Instrumentation 
In these experiments, wind velocity time histories were measured by a Cobra Probe 
(Turbulent Flow Instrumentation) placed immediately upstream of the airfoil section model. 
The sampling rate was set at 312.5 Hz.  The vertical and torsional displacement of the model 
was measured by measuring the elastic force in each of four helical springs, which are 
connected to the model at one end and a strain gauge force transducer at the other end, as show 
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in Fig. 2. The LabVIEW program was used for data acquisition and the sampling rate was set 
to 625 Hz. The aerodynamic pressures were also recorded in the experiment to determine the 
aeroelastic loads for comparison with those obtained through numerical simulation. The 
pressures were measured through 24 pressure taps placed along the upper and lower surface at 
the centerline of the model. A 64-channel pressure module (Scanivalve ZOC33/64 Px) was 
used to measure the pressures. The sampling rate was 312.5 Hz and Scanivalve’s Scantel was 
used for data acquisition. Data synchronization was accomplished using an external trigger to 
begin data acquisition for all three instruments. 
5 Results and Discussion 
The wind speed was increased until the section model was on the edge of divergent 
flutter and both the model displacement and pressures were recorded during the vibration. 
Table 1 shows the predicted flutter speed based on RF coefficients (one-lag term) and the 
measured flutter speed for this section model. The measured model displacements [h(t) and 
α(t)], their first derivatives [ℎ̇(𝑡) and ?̇?(𝑡)] were calculated using finite difference method, and 
the previously extracted rational function coefficients were input into Eqs. 3 and 4 to simulate 
the self-excited lift and moment at each time step. Similarly, the time history of the turbulent 
wind velocity (both u and w) was input into Eqs. 5 and 6 to simulate the buffeting lift and 
moment at each time step. Three cases were considered: smooth wind (Turbulence Intensity 
TI = 0.27%), ramp-down gust and turbulent wind (TI = 11.7%) to evaluate the predictions in 
time-domain. 
Table 1: Error in original flutter speed prediction for the airfoil prediction 
Predicted Flutter Speed 
(m/s) 
Measured Flutter Speed 
(m/s) 
Error 
11.42 11.35 0.61% 
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5.1 Load Prediction for Smooth Wind Case 
For the smooth wind case, the aeroelastic loads were predicted and measured at a mean 
wind speed of about 11.35 m/s, as can be seen in the velocity time history shown in Fig. 3(a). 
The measured turbulence intensity by the Cobra Probe was 0.27% and, therefore, this flow 
condition can be classified as smooth flow which limits the effect of the buffeting loads. Figs. 
3(b) and 3(c) show the comparison of the measured and simulated non-dimensionalized lift 
and moment (one-lag RF formulation), respectively.  
(a) 
 
(b) 
 
(c) 
 
Figure 3: (a) Measured wind speed for smooth wind case; Comparison of the numerically 
simulated (b) coefficient of lift, and (c) coefficient of moment, using RF coefficients with 
one lag term, with those measured. 
 
As can be observed from the lift and moment comparison plots, the moment coefficient 
time history prediction matches well with the experimental results for both amplitude and 
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phase angle. While the amplitude of the lift coefficient was predicted well, the predicted phase 
angle was slightly different from that of the measurement. Cao and Sarkar [17] saw a similar 
shift, but in the moment coefficient. It was theorized that it was due to an error in the extracted 
rational function coefficients that are related to the flutter derivative A2
*. Another reason for 
this slight error in the predictions could be attributed to the current formulation that used only 
one lag term for lift or moment, whereas additional lag term(s) could be used to improve the 
predictions. 
The algorithm to extract the parameters of the revised rational function formulation 
with 2 lag terms, as mentioned earlier, was employed to re-extract the rational function 
coefficients using the displacement and pressure time histories.  All of the functions change 
because of the inclusion of the higher order derivatives in the formulation.  The new extracted 
function coefficients for the 3° angle of attack are: 
 
𝐴0 = [
−0.446 −3.529
−0.769 5.958
]; 𝐴1 = [
−6.072 −5.443
0.870 −2.417
]; 𝐹 = [
−0.296 −0.089
−0.420 1.380
] 
𝐺 = [
−0.256 −0.262
6.155 −12.082
] 
𝜆𝐿1 = 8.635 ∗ 10
−4; 𝜆𝐿2 = 19.305; 𝜆𝑀1 = 0.0088; 𝜆𝑀2 = 0.5367 
 
These rational functions, when converted to their frequency-domain flutter derivative 
counterpart result in less errors than the previous one-lag term algorithm.  Employing these 
new rational function coefficients, Figs. 4(a) and (b) show the improved prediction of the 
coefficients of lift and moment. 
The cross correlation, or the measure of the lag between two time series (predicted versus 
measured), was determined for each case as shown in Table 2.  From the plots in Fig. 4 and 
the cross-correlation results in Table 2, it is clear that the two lag term formulation provides a 
better prediction than the one-lag case for both lift and moment; where the improvement is 
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more significant in the lift. Since this type of improvement was seen in all the predictions, only 
the predictions using the two lag term formulation are presented for the other cases. 
(a) 
 
(b) 
 
 
Figure 4: Comparison of the numerically simulated (a) coefficient of lift, and (b) coefficient 
of moment, using RF coefficients with two-lag terms, with those measured in smooth wind. 
 
Table 2: Cross Correlation comparison for two-lag term vs. one-lag term formulation 
Coefficient One-Lag Term Two-Lag Term 
CL 0.0608 0.0064 
CM 0.0272 0.0240 
 
5.2 Load Prediction for Ramp-Down Gusty Wind Case 
To validate the feasibility of applying the time domain formulation using RF with two-
lag term to predict loads on the wind-turbine section model in a transient wind environment, it 
was subjected to a ramp-down gusty wind. The horizontal wind velocity time history is shown 
in Fig. 5(a) and the corresponding force coefficient time histories are plotted in Figs. 5(b) and 
5(c). 
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(a) 
 
(b) 
 
(c) 
 
Figure 5: (a) Measured wind speed for gusty wind case; Comparison of the numerically 
simulated (b) coefficient of lift, and (c) coefficient of moment, using RF coefficients with 
two-lag terms, with those measured in gusty wind. 
  
 
For this gusty wind case, it is observed that the amplitudes of the load coefficients are 
predicted well for the first half of the time intervals. However, in the later part of the time 
histories the lift coefficient is over predicted and the moment coefficient is slightly under 
predicted at times. Moreover, the phase shift between the simulated and measured results is 
still present in both lift and moment. Given intrinsic errors in the pressure measurements, errors 
in extracting the load parameters and errors in the numerical differentiation and integration 
procedures used, the comparison seems quite encouraging. 
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5.3 Load Prediction for Turbulent Wind Case 
The wind-turbine section model was subjected to turbulent wind (Longitudinal wind 
TI of 11.7%) to evaluate the aeroelastic load model presented here, especially the buffeting 
load part of the load formulation. Although this turbulence intensity used here is lower than 
the Lower Turbulence wind classes set by the IEC 61400-1 [21] standard for wind developers, 
typically either 16% or 18% depending on specific site conditions, it was a good test to evaluate 
the robustness of the time domain formulation in a realistic wind environment similar to an 
actual wind turbine operating in the field would see. The turbulence in this case was generated 
using 4 spires (0.13 m base and 1.17 m height). These spires were placed 2.5 m upstream of 
the model.  
The horizontal wind velocity generated in this case is shown Fig. 6(a) and the 
comparison of the measured and the simulated load coefficients are shown in Fig. 6(b) and 
6(c). The amplitudes here are occasionally over predicted or under predicted, however the 
overall pattern and standard deviation between the two compare well with 5.32% and 2.22% 
error in the standard deviation of the lift and moment coefficients, respectively. In this case, 
the correlation coefficient between the simulated and measured lift and moment is RL = 0.6232 
and RM = 0.6042, respectively. Since the correlation is slightly low it is necessary to examine 
the frequency content of both time histories.  Fig. 7 shows the Fourier transform of both time 
histories for lift and moment.  Clearly, both time histories have the same characteristic 
frequency (2.59 Hz), but the simulated loads pick up lower frequency content while the 
measured ones have higher frequency content.  This is because the section model generates 
high-frequency turbulence that is not correlated over its length creating non-uniform loads 
along its span which is not accounted in the load model which assumes full span-wise 
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coherence. This can be corrected in future by introducing a time-domain equivalent function 
of the cross-spectral power density function of the loads that uses an exponentially decay 
coefficient to represent lack of span-wise coherence. Given this information, this load 
formulation seems to perform even in a relatively high-turbulence flow.  
(a) 
 
(b) 
 
(c) 
 
Figure 6: (a) Measured wind speed for the turbulent wind case; Comparison of the 
numerically simulated (b) coefficient of lift, and (c) coefficient of moment, using RF 
coefficients with two-lag terms and buffeting indicial functions, with those measured in 
turbulent wind. 
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Figure 7: Frequency content of simulated and measured lift (left) and moment (right) 
6 Validation using Aeroelastic Model  
A 1:6 scaled model of a 30-m wind turbine blade was designed consisting of the NREL 
S-series airfoils that are thick (high thickness to chord ratio), generate low noise during 
operations and aerodynamically efficient with high lift to drag ratio. The central 30% of the 
blade that is made up of the S830 airfoil was used for this model and the twisting of the blade 
was neglected since the central portion of the wind turbine blade sees a constant angle of attack 
during operation.  The model is 139 cm (4.56 ft) in length with the root of the model having a 
chord length of 40 cm (15.7 in) which tapers down to 15 cm (5.9 in) at the tip.  The model was 
designed to match a frequency ratio (torsional/vertical) of 3 which is similar to 30-m wind 
turbine blades in operation. The model was tested in a smooth flow (U = 9.75 m/s, Longitudinal 
TI = 0.39%, Lateral TI = 0.16%) with four mean angles of attack that are common during 
operation, 0, 3, 6, and 9 degrees. Figure 8 shows the model mounted in the wind tunnel. 
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Figure 8: Aeroelastic model of a wind turbine blade with a single rectangular spar at the 
center of gravity of the airfoil, 8 rigid sections (light grey) and 2 flexible sections (dark grey). 
The model was instrumented with 7 accelerometers (PCB Piezotronics 352C65) to 
measure the vertical and torsional accelerations along the length of the model.  In three of the 
ten sections (root, center, and tip), there were two accelerometers, one ahead of the spar (closer 
to the leading edge) and one behind the spar (closer to the trailing edge) to measure both 
torsional and bending motions.  The seventh accelerometer was placed on the spar in order to 
measure pure bending motion. The overall loads on the model were measured using 3 strain-
gage type uniaxial force transducers (Transducer Techniques) mounted inside the support 
frame.  A trigger system was used to ensure that the force and acceleration data were taken 
simultaneously.  The MATLAB data acquisition toolbox was used to acquire the data from all 
the sensors with a sampling time of 60 seconds and a sampling rate of 625Hz. 
Using measured displacement and velocity time histories of the aeroelastic wind 
turbine blade model and the rational function coefficients (two-lag), it was possible to simulate 
the 2D-aeroelastic lift and moment loads at discrete sections of the model, and thereby obtain 
the cross-sectional loads along the model’s span including those at the root of the model using 
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an approach similar to the blade-element method.  It is possible to validate the load parameters 
by comparing the simulated loads to the measured ones at the root.  Figure 9 shows the 
measured lift and moment coefficients (normalized loads) at the root of the blade model as 
compared with the simulated ones corresponding to 9o AOA and a wind speed of 9.75 m/s in 
a smooth flow.  Once again, the simulated loads compare well with the measured verifying the 
applicability of the time-domain load formulation to an actual wind turbine blade. 
 
Figure 9: Comparison of (a) the measured lift coefficient to the simulated lift coefficient and 
(b) measured moment coefficient to the simulated moment coefficient, at the root of the wind 
turbine blade model corresponding to 9-deg AOA and 9.75 m/s smooth flow. 
 
 
7 Conclusions and Future Work 
In order to validate the time domain formulation for predicting aerodynamic loads on 
a wind turbine blade airfoil at a non-zero angle of attack, experiments were carried out for 
three different wind inputs (smooth-wind, ramp-down gust and turbulent-wind). In each case, 
(a) 
 
(b) 
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the amplitudes and pattern of the simulated aerodynamic loads (lift and moment) based on a 
previous self-excited load formulation that used one-lag term compared well with those 
measured, however, there was a slight phase shift in the time histories. A new algorithm and 
method using two lag terms was developed and the time shift improved significantly. 
Additionally, an aeroelastic model of a wind turbine blade was tested in the wind tunnel to 
validate the improved method by comparing measured loads to those predicted using this 
method. These validation tests showed that this formulation in time domain to predict 
aerodynamic loads in real time using the incident wind information will be very useful for 
structural health monitoring applications and hence preventive maintenance and also for the 
evaluation of the fatigue life of wind turbine blades. Future work will include improving the 
turbulent wind case results by evaluating the effects of spatially varying winds and evaluating 
this procedure when blade rotation is added. 
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Abstract: A novel three-degree-of-freedom (DOF) forced vibration system has been 
developed for identification of aeroelastic (self-excited) load parameters used in time-domain 
response analysis of wind-excited flexible structures.  This system is capable of forcing 
sinusoidal motions on a section model of a structure that is used in wind tunnel aeroelastic 
studies along all three degrees of freedom - along-wind, cross-wind, and torsional - 
simultaneously or in any combination thereof.  It utilizes three linear actuators to force 
vibrations at a consistent frequency but varying amplitudes between the three.  This system 
was designed to identify all the parameters, namely, aeroelastic- damping and stiffness that 
appear in self-excited (motion-dependent) load formulation either in time-domain (rational 
functions) or frequency-domain (flutter derivatives).  Relatively large displacements (at low 
frequencies) can be generated by the system, if required.  Results from three experiments, 
airfoil, streamlined bridge deck and a bluff-shaped bridge deck, are presented to demonstrate 
the functionality and robustness of the system and its applicability to multiple cross-section 
types. The system will allow routine identification of aeroelastic parameters through wind 
tunnel tests that can be used to predict response of flexible structures in extreme and transient 
wind conditions.   
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Keywords: Aeroelastic phenomena, Time-domain, Wind tunnel section model tests, Forced 
vibration 
 
1 Introduction and Background 
The complex interaction between the wind and a structure induces specific wind loads 
on the structure that are capable of producing large amplitude motions which may be 
catastrophic.  Aeroelasticity is the study of the significant interaction of aerodynamic forces 
with the elastic response of a flexible structure. Major wind-induced instabilities can be 
generally classified as: self-excited (motion-induced), self-excited in the presence of buffeting, 
and vortex-induced.  The combined effect of the three loads depict the response of a specific 
structure in any given wind condition. Self-excited loads are the product of the motion of a 
structure as it perturbs the flow around it such that the modified flow pattern produces 
additional aerodynamic damping and stiffness loads. If the structure is given an initial 
deflection, its motion will either decay or diverge which is dependent on whether the wind is 
transferring energy to the structure or helping to dissipate the kinetic energy of the structure.  
The theoretical dividing line between the decay and the divergence is identified as the critical 
flutter speed. Buffeting wind loads are fluctuating loads acting on a structure and are induced 
by upstream wind turbulence and structure-induced turbulence.  The fluctuating wind loads 
can be calculated based on the statistical description of the turbulence characteristics of the 
undisturbed flow approaching the structure. Aerodynamic admittance function formulation, 
proposed by Davenport (1962), can be used to convert the wind turbulence characteristics into 
wind loads on the structure in frequency domain. Vortex-induced loads cause large amplitude 
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vibrations over a specific range of wind speeds or “lock-in” wind speed.  Vortices that shed 
from opposite surfaces of a structure alternately result in dynamic pressure distributions 
producing cross-wind vibration of the structure.  The “lock-in” wind speed for vortex-induced 
vibrations is determined from the Strouhal Number (St) for the given cross-sectional shape, 
Strouhal (1878), and the amplitude of the vibration can be determined from the Scruton 
Number (Sc), Scruton (1981), for the structure. 
These wind induced loads play a major role in the design of flexible structures such as 
wind turbine blades, long-span bridges, high-mast poles and tall buildings.  The complexity of 
the fluid-structure interaction makes analytical and computational simulations challenging.  
Therefore, to capture the complexities of the flow around a vibrating body it is necessary to 
perform wind tunnel tests.  Three commonly used wind tunnel tests to extract the information 
on the aeroelastic behavior of models are scaled models of the full structure, taut-strip models, 
and section models.  Scanlan and Tomko (1971) first introduced the method of extracting 
flutter derivatives from section model wind tunnel tests while Davenport et al. (1971) used a 
taut-strip method.  Comparison between the two methods was done by Scanlan et al. (1997).  
This work uses sections models so a brief overview of section model methods follows. 
A section model is a scaled and rigid geometrically faithful model of a two-dimensional 
cross-section of a body.  Section model is commonly used to determine the aeroelastic load 
functions for a particular prototype body with a specific cross-sectional shape.  End plates are 
typically used to reduce the aerodynamic end effects on the model and essentially ensure a 
two-dimensional flow over the cross-section.  The aeroelastic load functions extracted from 
wind tunnel tests are extended to predict the response of the prototype structure. 
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Scanlan and Tomko (1971) developed the self-excited load formulation in frequency 
domain in terms of flutter derivatives.  Wind tunnel tests to extract flutter derivatives typically 
use a free vibration type test with varying degrees-of-freedom included depending on the cross-
section.  Free vibration tests involve giving the model a constant initial displacement and 
measuring the model’s displacement time history at several wind speeds. In order to extract all 
18 flutter derivatives Sarkar et al. (2004) designed a three-degree-of-freedom (DOF) elastic 
suspension system that was suitable for free vibration. Several other wind tunnel free vibration 
rigs have been developed with all three DOFs (Dallaire et al. (2016) and Prud’homme et al. 
(2015)).  However, these systems have their limitations.  First, free vibration tests do not allow 
for testing at high wind speeds due to the probability of either onset of divergent response 
(flutter) in some cross sections or highly decayed response because of high aeroelastic damping 
that occur in most cross sections.  Second, limitation in the amplitude of vibration in the along-
wind direction at high wind speeds due to a large mean drag force acting on the model and 
hence a large mean displacement that would significantly affect the 3-DOF results, specifically 
seen in the system designed by Sarkar et al. (2004). Third, the flutter derivatives that are meant 
to be strictly valid for small amplitudes of the structure are found to be sensitive to amplitudes 
for some cross sections, whereas it is difficult to maintain consistent amplitudes at all wind 
speeds in these free-vibration systems.  These limitations and the benefits of time-domain 
analysis prompted the development of forced vibration methods to extract the aeroelastic load 
functions. 
Time-domain methods for self-excited loads are more applicable to finite element 
modeling, transient wind response, feed-back based control strategies, and fatigue life 
estimations.  A method based on the Rational Function Approximation developed by Roger 
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(1977) using a two-degree-of-freedom (vertical and torsional) forced vibration system was 
developed by Cao and Sarkar (2012).  This method directly extracted the rational functions by 
measuring model displacement and surface pressure. The system developed for these forced 
vibration tests consisted of two motors mounted outside the wind tunnel and connected into 
the elastic suspension system designed by Sarkar et al. (2004) to create simultaneous or 
independent cross-wind and torsional vibrations at several frequencies and amplitudes.  Other 
forced vibration rigs have been developed but are limited to the same degree-of-freedom 
combination and do not allow for the coupled motion (Permata et al. (2013)).  For some cross-
sections, particularly more bluff ones, it is necessary to include the along-wind loads and 
displacements in the analysis of the self-excited excitation which prompted the development 
of a forced vibration system that could create simultaneous or independent cross-wind, along-
wind and torsional vibrations.  Additionally, for the analysis of more complex structures, like 
a wind turbine blade, where the response of the entire blade is highly coupled between all 
three-degrees-of-freedom a full analysis is exceedingly important. 
This work describes a prototype three-degree-of-freedom forced vibration system that 
was designed, built and demonstrated in the Wind Simulation and Testing Laboratory at Iowa 
State University. The system will allow routine identification of aeroelastic parameters through 
wind tunnel tests in the future that can be used to predict response of flexible structures in 
extreme and transient wind conditions.  Results from three experiments, airfoil, streamlined 
bridge deck and a bluff-shaped rectangular section, are presented to demonstrate the 
functionality and robustness of the system and its applicability to multiple cross-section types. 
Rational function coefficients of these sections are presented here and converted to their flutter 
derivative counterpart for comparison with previous results for validation.   
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2 Component Description and Assembly of System 
The components that were used to assemble the three-DOF forced vibration system are 
described here.  This system enables simultaneous or independent cross-wind, along-wind and 
torsional motions of a cantilevered section model.  It is capable of capturing the effects of 
aeroelastic coupling between different degrees of freedom of a section model subjected to wind 
loading. 
The system was designed as a set of 3 nested frames fixed within a stationary frame. 
There are 2 dynamic frames, each of which slide along 2 polished rods, one for the along-wind 
component and the other for the cross-wind component of the motions. The frame for the cross-
wind component is mounted with the one for along-wind component and the frame for the 
torsional component is installed within the innermost cross-wind component frame. Figure 1 
shows the entire system mounted under the wind tunnel floor.  The component for each degree 
of freedom will be described in the subsequent sections. 
 
Figure 1: 3 DOF forced vibration system under the floor of the wind tunnel. 
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2.1 Cross-wind and Along-wind degrees-of-freedom 
Figure 2 shows the 3DOF system mounted under the wind tunnel from underneath and 
a side view.  The two linear systems (along-wind and cross-wind) were built using four linear 
bearings each (McMaster Carr, Inc, part number 9338T100) mounted on polished steel rods.  
The 2 rods for the along-wind section are connected into a stationary frame made of aluminum 
T-slotted framing which is mounted underneath the floor of the wind tunnel.  The friction in 
the bearings was not a concern because the frame is being forced to vibrate at a specific 
frequency and amplitude.  The motors for the two linear systems were Deluxe Rod Actuators 
(Firgelli Automations) with a 6-inch stroke length.  These 12 VDC actuators have a maximum 
speed of 3 in/s with 100 lbs of force.  The stroke length was chosen to allow a maximum 
amplitude of 2 inches to enable high-amplitude vibrations to study their effects if necessary.  
 
 
Figure 2: View from underneath the system (left) mounted under the wind tunnel 
aerodynamic test section with the wind coming from the bottom (right) and a side view of the 
system with the wind coming out of the page. 
Figure 3 shows the SolidWorks schematic for the two linear dynamic systems.  On the 
design in (a) shows the exterior stationary frame with the along-wind dynamic frame mounted 
inside it.  The image in (b) shows the cross wind frame installed inside the along-wind 
Wind 
Wind 
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component.  In an effort to clarify the images several components are hidden from view or are 
shown as wire frames.   
(a) 
 
(b) 
 
Figure 3: SolidWorks model of the 3DOF forced vibration system. (a) interior cross-wind 
dynamic frame mounted inside the along-wind frame, and (b) the along-wind frame mounted 
inside the stationary outer frame. 
2.2 Torsional degree-of-freedom assembly 
The torsional assembly was designed to convert linear motion from an actuator into 
rotational motion.  Figure 2 shows a SolidWorks schematic of the design of the torsional 
system.  A ball bearing (McMaster Carr, part number 6494K38) was mounted into the system 
that was vibrating in the cross- and along-wind directions.  A solid steel rod runs through the 
bearing and connects perpendicularly into the motor.  A Deluxe Rod Actuator (Firgelli 
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Automations) with a 3-inch stroke length was used for the torsional system.  This system has 
a maximum amplitude of 10 degrees, allowing high-amplitude vibration in the rotational 
direction if necessary.   
 
Figure 4: SolidWorks design interior torsional system mounted on linear bearing for cross-
wind vibration. 
2.3 Control System 
A control system was designed for this system to allow independent amplitude of 
vibration along each degree of freedom (DOF) but with the same frequency.  Although 
maintaining an identical frequency along all 3DOF is desirable for maintaining consistency 
between the three subsets of identified parameters associated with each degree of freedom, in 
the future, the control system could be modified if necessary to allow for independent 
frequencies using a parallel computing method.  An Arduino Uno R3 board was used to 
communicate between the motors and the computer. An Adafruit Motor/Stepper/Servo Shield 
for Arduino v2.3 was used for communicating with the three motors through the Pulse Width 
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Modulation (PWM) ports on the Arduino.  The Motor shield allows for up to four DC motors 
to be connected at the same time and the shield can be stacked to connect more motors to the 
system.  The motors required 12V DC and a higher current than the motor shield could supply, 
therefore, three IBT-2 motor drivers were used to connect the motors to the system and an AC 
110V/220V to DC 12V 33A Switch Power Supply Driver was used to supply power to the 
three motors. The PWM signal would pass from the Arduino into the motor shield which would 
then communicate with the PWM chips in the IBT-2 which would direct the correct voltage 
pulses into the motors.  Figure 5 shows the interior of the control box developed. MATLAB 
Arduino toolkit was used to program the motors to vibrate in a sinusoidal fashion.  
 
Figure 5: Interior of control box for the three motors.  
2.4 Wind Tunnel Used 
The experiments described here were performed in the Aerodynamic and Atmospheric 
Boundary Layer (AABL) Wind and Gust Tunnel located in the Wind Simulation and Testing 
Laboratory (WiST Lab) in the Department of Aerospace Engineering at Iowa State University.  
This wind tunnel has an aerodynamic test section of 2.44 m (8.0 ft) width × 1.83 m (6.0 ft) 
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height, an atmospheric boundary layer test section of 2.44 m (8.0 ft) width × 2.21 m (7.25 ft) 
height), and a design maximum wind speed of 53 m/s (173.9 ft/s) in the aerodynamic section.  
2.5 Displacement Measurements 
In order to extract the Rational Function Coefficients, it is necessary to measure the 
displacement of the model and the aerodynamic loads simultaneously.  In order to measure the 
displacements three uniaxial force transducers (Transducer Techniques) were connected to the 
respective relative stationary frame using springs.  Each force transducer measured the 
displacement along one DOF.  To ensure that the measurements were correct, they were 
compared to physical measurements made on the system.  Displacement data was captured at 
625 Hz using the MATLAB Data Acquisition toolbox. 
2.6 Aerodynamic Load Measurements 
All of the section models tested with the system had between 32-42 pressure taps 
located along their mid-plane.  A 64-channel pressure transducer (Scanivalve ZOC33/64 Px) 
was used to measure the pressures that were later converted to loads on the model.  The data 
was acquired using Scanivalve’s Scantel software at a frequency of 312.5 Hz.  To ensure the 
displacement and load time histories were synchronous, a trigger system was used to start both 
data acquisition systems. All tests were performed in smooth flow (Turbulence Intensity, TI < 
0.27%). 
3 Equations for 3 DOF Rational Function Extraction 
For time domain analysis of structures, the equations for the self-excited loads are 
written first in Laplace domain and then converted to time domain.  This method, based on the 
Rational function formulation (Roger, 1977 and Karpel, 1982), was developed for two-
degrees-of-freedom (vertical and torsional) by (Cao and Sarkar, 2012).  The Laplace domain 
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formulation is shown in Equation (1) with expanded terms given in Equation (2).  Equations 
(3), (4) and (5) give the time domain formulation for the self-excited lift, drag and moment 
after converting from Laplace domain. 
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(5) 
where A0, A1 are the stiffness matrix and damping matrix, respectively; F is the lag matrix, all 
of order 3 x 3, and 𝜆𝐿 , 𝜆𝐷 and 𝜆𝑀 are the lag coefficients.  The elements of A0, A1 and F matrices 
and 𝜆𝐿 , 𝜆𝐷 and 𝜆𝑀 are known as the Rational function coefficients.  Q, defined in Equation (2) 
is the Rational function matric which contains the 9 Rational functions.  In order to validate 
the extracted Rational function coefficients, it is necessary to convert them to their flutter 
derivative counterparts.  Equation (6) gives the relationships between the components of the 
Rational function matrix and the 18 flutter derivatives. 
* 2
1 11
( ) /H imag Q K  * 21 22( ) /P imag Q K
 * 2
1 31
( ) /A imag Q K  
(6) 
* 2
2 13
( ) /H imag Q K  * 22 23( ) /P imag Q K
 * 2
2 33
( ) /A imag Q K  
* 2
3 13
( ) /H real Q K  * 23 23( ) /P real Q K
 * 2
3 33
( ) /A real Q K  
* 2
4 11
( ) /H real Q K  * 24 22( ) /P real Q K
 * 2
4 31
( ) /A real Q K  
* 2
5 12
( ) /H imag Q K  * 25 21( ) /P imag Q K
 * 2
5 32
( ) /A imag Q K  
* 2
6 12
( ) /H real Q K  * 26 21( ) /P real Q K
 * 2
6 32
( ) /A real Q K  
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4 Experimental Set-Up and Results 
Three section models, a streamlined bridge deck, an asymmetric thick wind turbine 
blade airfoil, and a rectangular bluff cross section, were used to validate both the three-degree-
of-freedom rational function extraction procedure and this system.  Each of these models 
presented a unique case to investigate the applicability of this system.  The beauty of this 
procedure to extract the rational function coefficients for three-degrees-of-freedom is that it 
requires model tests to be conducted at only three different wind speeds. 
4.1 Streamlined Bridge Deck Benchmark Study 
With the development of longer-span bridges, particularly cable-stayed bridges, the 
importance of the lateral or along-wind degree-of-freedom on the coupled aeroelastic effects 
has been emphasized.  Further, modern long-span bridges usually use box-girder bridge deck 
sections with a large aspect ratio (width to depth ratio) making them streamlined that have a 
better aerodynamic performance. Therefore, a streamlined bridge deck (Fig. 6) was selected 
for the tests to represent a shallow box girder bridge deck section with semi-circular fairings 
on the edges.  The thickness to chord ratio was 7% and the model was 0.6 m long with a chord 
length of 0.3 m.  This cross section was also chosen because all 18 flutter derivatives of this 
section had been extracted using a free vibration method (Chowdhury, 2004) and the rational 
functions of this section that are associated with 2 degree-of-freedom (vertical and torsional) 
were extracted using a forced vibration method (Cao and Sarkar, 2012), making it convenient 
for validation of the current results.   
 
Figure 6: Cross-section of the streamlined bridge deck 
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The model was tested at 5 m/s, 6.5 m/s and 9.4 m/s with a forced vibration frequency 
of 1.06 Hz for all three degrees-of-freedom.  The along-wind amplitude (p) was 0.5 in, the 
cross-wind amplitude (h) was 1 in, and the torsional amplitude (α) was 4 degrees.  The results 
for the rational function coefficients are given below:   
𝐴0 = [
0.737 0.067 −5.185
0.042 −0.032 −0.007
−0.043 −0.006 0.807
]  𝐴1 = [
−4.923 −0.567 −1.861
0.720 −0.886 −0.109
1.835 −0.019 −0.814
] 
𝐹 =  [
−2.421 −0.013 0.651
0.658 −0.825 0.261
0.553 −0.017 0.559
]  𝜆𝐿 = 0.162; 𝜆𝐷 = 0.891;  𝜆𝑀 = 0.2655 
The rational function coefficients for the 2DOF case (Cao and Sarkar, 2012) are copied below: 
0
0.3273 6.2384
0.0970 1.3818
A
 
   
, 1
3.7549 1.4947
0.8510 0.3819
A
  
   
, 
0.9484 1.3397
0.2689 0.1682
F
 
   
, 
0.1843L  , 0.2239M   
For further validation these rational function (RF) coefficients were converted to their 
flutter derivative counterparts.  Fig. 7 shows some selected flutter derivatives for the 
streamlined bridge deck compared to those extracted from the free vibration test (Chowdhury, 
2004).  These flutter derivatives as converted from RF coefficients using the relationships 
given in Equation (2) and (6) are compared.   
4.2 Asymmetric Wind Turbine Blade Airfoil case 
The National Renewable Energy Laboratory (NREL) has designed a family of S-series 
airfoils that are thick (high thickness to chord ratio), generate low-noise during operation and 
aerodynamically efficient with high lift-to-drag ratio, for use in 20-25 m wind turbine blade.  
A section of the S830 airfoil with a 21% thickness to chord ratio was used for second set of 
tests.  The airfoil had a chord of 6 in.  The maximum lift-to-drag ratio for this airfoil was found 
to occur at a 6-degree angle of attack, therefore 0, 3, 6, and 9 degree angles of attack were 
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tested.  The cross-section of the airfoil is shown in Fig. 8 and an image of the model in the 
wind tunnel is shown in Fig. 9. 
  
  
  
Figure 7: Flutter derivatives for the streamlined bridge deck benchmark study compared to 
free vibration tests (Chowdhury, 2004). 
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Figure 7 (Continued): Flutter derivatives for the streamlined bridge deck benchmark study 
compared to free vibration tests (Chowdhury, 2004). 
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Figure 7 (Continued): Flutter derivatives for the streamlined bridge deck benchmark study 
compared to free vibration tests (Chowdhury, 2004). 
 
Figure 8: Profile of the S830 airfoil 
The two degree-of-freedom (h, α) rational function coefficients for this airfoil as 
extracted by Sauder and Sarkar (2015) are available for comparison.  Also, all 18 flutter 
derivatives associated with 3DOF for an airfoil NACA0020 that is similar in thickness/chord 
ratio (20%) to the S830 airfoil (21%) but different from it, as being symmetric, are available 
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for comparison (Chowdhury and Sarkar, 2003).  The tests for this model were done at 6.5 m/s, 
9.4 m/s and 10.9 m/s and frequency of 1.2 Hz.  The amplitudes of vibration were h = 1.5 in, p 
= 1 in and α = 8 degrees.  The results for the rational function coefficients of the S830 airfoil 
at a 0-degree angle of attack are given below and selected flutter derivatives are given in Fig. 
10. 
 
Figure 9: Airfoil model in wind tunnel as mounted on the 3DOF system (underneath the test 
section) with a stand for supporting the pressure tubes (upstream view) 
 𝐴0 = [
−1.835 0.308 −2.665
0.175 0.145 0.312
0.828 −2.312 −2.405
]   𝐴1 = [
−2.969 −0.379 −2.195
0.566 −0.190 −0.380
2.695 0.056 −1.663
] 
𝐹 =  [
−2.939 0.348 −0.093
0.168 0.169 −0.331
−0.497 2.420 2.476
]  𝜆𝐿 = 0.011; 𝜆𝐷 = 0.016;  𝜆𝑀 = 0.006 
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Figure 10: Selected flutter derivatives for the S830 airfoil compared to 2 DOF tests and the 
NACA0020 (Chowdhury and Sarkar, 2003). 
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relatively bluff cross-section of a flexible structure such as a long-span bridge or a tall building.  
This bluff section model is rectangular with a width-to-depth ratio (B/D) of 5:1, and the length, 
chord length and thickness of the model are about 0.533m, 0.16m, and 0.032 m, respectively 
(Fig. 11). 
 
Figure 11: Cross-section of the bluff rectangular section model. 
The wind speeds used for these tests were 5 m/s, 6.5 m/s and 9.4 m/s with a frequency 
of 1.06 Hz.  The amplitudes of vibration were h = 0.5 in, p = 0.5 in, and α = 3 degrees.  The 
extracted rational function coefficients associated with h, p,  are given below: 
𝐴0 = [
−0.029 −0.025 −25.270
−0.017 −0.014 −3.567
0.0627 −0.049 −8.747
]   𝐴1 = [
−1.672 −0.836 26.166
−2.189 −0.082 29.189
6.524 −6.642 −13.280
] 
𝐹 =  [
−13.300 0.344 −16.574
2.621 0.013 −32.662
−5.048 −4.636 32.452
]  𝜆𝐿 = 1.225; 𝜆𝐷 = 1.045;  𝜆𝑀 = 0.6763 
 For this case the rational function coefficients, as given below, were also extracted 
using the two degree-of-freedom (h, ) forced vibration system in a previous study (Cao and 
Sarkar, 2012).   
0
0.0618 7.9085
0.0387 0.6258
A
  
    
, 1
0.7820 7.3997
1.7649 1.0621
A
 
    
, 
10.4613 5.7309
1.5021 2.9637
F
  
   
, 
1.2048L  , 0.7091M   
In this case, only the flutter derivatives determined using a two degree-of-freedom system are 
available for comparison (Matsumoto et al. 1996).  Figure 12 gives the flutter derivatives for 
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the bluff cross-section. A comparison between the 8 flutter derivatives that were determined 
with the 2 DOF (h, ) test is presented where applicable.  The two results are very similar 
which suggests that this method can be used for bluff cross-sections as well.   
  
  
  
Figure 12: Comparison of the flutter derivatives for the bluff rectangular cross-section 
compared to Matsumoto et al., 1996 flutter derivatives extracted using two degree-of-
freedom (h, α) free vibration. 
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Figure 12 (Continued): Comparison of the flutter derivatives for the bluff rectangular 
cross-section compared to Matsumoto et al., 1996 flutter derivatives extracted using two 
degree-of-freedom (h, α) free vibration. 
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Figure 12 (Continued): Comparison of the flutter derivatives for the bluff rectangular 
cross-section compared to Matsumoto et al., 1996 flutter derivatives extracted using two 
degree-of-freedom (h, α) free vibration. 
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5 Summary and Future Work 
A three degree-of-freedom forced vibration system has been developed that can be used 
for section model testing in the wind tunnel for simultaneous identification of aeroelastic- 
damping and stiffness parameters associated with one-, two- and three DOF.  This system 
allows for the simultaneous extraction of all the frequency-domain flutter derivatives or time-
domain rational function coefficients and can potentially be used to study other phenomena 
like vortex shedding and torsional divergence.  The functionality and robustness of the system 
has been successfully demonstrated by testing an asymetric airfoil used in wind turbine blades, 
a streamlined bridge deck and a bluff cross-section.  Sample flutter derivatives are presented 
as a means to validate the extracted time-domain rational function coefficients for each cross-
section.   
While this system worked for the above section models it has some limitations and 
drawbacks that need to be addressed.  First, because the model is cantilevered, it is very easy 
for the model to experience spurious modes.  To avoid that in the presented work, the data was 
numerically filtered to erase these spurious modes from the data.  It should be noted that these 
additional vibration modes can be mostly avoided by having a stiffer central support bar 
through the section model that is fixed to the 3DOF system than the ones used in the current 
models.  This could be also corrected by building an additional frame to support the other end 
of the model so that it is no longer cantilevered.   
Overall, this system is able to produce the necessary data to extract the rational function 
coefficients for all three degrees-of-freedom or any combination of degrees-of-freedom. 
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CHAPTER 5. A COMPUTATIONAL TOOL FOR DYNAMIC LOAD 
AND RESPONSE PREDICTIONS OF A HAWT BLADE IN TIME-
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Heather Scot Sauder1,a, Austin Downey2,b, Simon Laflamme2,c, Partha P. Sarkar1,* 
 
1Department of Aerospace Engineering, Iowa State University, Ames, IA 
2Department of Civil, Construction, and Environmental Engineering, Iowa State University, Ames, IA 
 
Abstract: Wind turbine blades are prone to vibrations during operating and parked conditions 
that can cause their structural failure from extreme stresses, fatigue and divergent response 
because of flutter during moderate to extreme wind events.  As longer wind turbine blades are 
designed, this problem will only continue to grow as they will experience higher stresses and 
higher loads.  It is necessary to develop a tool to predict the real-time load, stress distribution 
and response of a blade during operation and extreme wind events.  This paper presents a 
computational tool to predict the real-time response of a wind turbine blade during operation 
or parked condition that employs three degree-of-freedom experimentally extracted 
aerodynamic load functions and a coupled aero-structural model to predict the response of the 
structure.  The results are validated by comparing to wind tunnel tests on an aeroelastic model 
and the NREL Phase VI wind turbine.  The response prediction for a typical 30-m wind turbine 
blade is also presented.  Finally, a health monitoring method and strategy using inexpensive 
capacitance based sensors are presented as an application of this computational tool. 
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Health Monitoring Application 
 
1 Introduction 
Current wind turbine blades can experience wind-induced vibrations during operating 
and parked conditions that can cause their structural failure from extreme stresses, fatigue and 
divergent response because of flutter during moderate to extreme wind events.  Wind turbine 
blades are currently failing prior to their predicted fatigue life and as wind turbines keep 
increasing in size this problem will only continue to grow.  There is a need to predict the real-
time load, stress distribution and response of the blade for a given wind environment for 
damage, flutter and fatigue life predictions.  Considering that wind turbines blades are large 
flexible structures often subjected to high and gusty wind loads it is necessary to develop a 
time-domain method for predicting the real-time loads and response of a blade.  This paper 
presents a computational tool to predict the real-time response of a wind turbine blade during 
operation. The tool uses standard techniques to generate partially correlated wind time histories 
with given atmospheric boundary layer mean and turbulent wind profiles, a three-degree-of-
freedom load model (motion induced and buffeting) in time domain to produce the aeroelastic 
loads on a stationary or rotating HAWT blade and a coupled aero-structural model for 
predicting its response. 
Typical aeroelastic analysis of wind turbine blades is done in frequency-domain using 
analytical Theodorsen functions [1], their time-domain counterparts, Wagner Functions [2] or 
the pseudo-steady formulation to determine the dynamic loads and response [3], [4].  Wind 
turbine blades are made up of thick airfoil operating at non-zero angles of attack, therefore the 
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Theodorsen functions for thin airfoils and the pseudo-steady formulation about a 0 degree 
angle of attack might not be a suitable assumption.  Two options remain for predicting the 
aeroelastic loads and response of wind turbine blades.  The first option of calculating loads and 
response by Computational Fluid Dynamics (CFD) based methods have been developed, but 
the complicated solving process and extensive cost of calculation limit their applicability to 
aeroelastic analysis of wind turbine blades [5]-[7].  The second option of estimating loads and 
response by direct simulations using experimentally extracted aerodynamic load functions, 
whether in frequency domain or time domain [8], [9], is an attractive option for this analysis 
because of several advantages. 
A frequency domain approach for calculating the response of slender structures, such 
as airplane wings or long-span bridges, subject to aerodynamic loads assumes that the wind is 
stationary and the response of the structure is sinusoidal or near-sinusoidal.  A time-domain 
approach is more applicable for finite element modeling, fatigue life predictions, and non-
stationary winds [10], [11]. This time-domain method employs rational function coefficients 
for the self-excited loads and derivatives of indicial functions for buffeting loads.   Methods 
were developed to experimentally extract these functions by Cao and Sarkar [8] and Chang 
and Sarkar [12], respectively. Cao and Sarkar [13] and Sauder and Sarkar [14] showed that 
these functions could accurately predict the time-domain aerodynamic loads and critical flutter 
speed for a streamlined bridge deck and a scaled model of a wind turbine blade.  
Structural health monitoring (SHM) of wind turbine blades is a difficult task impeded 
by their size and complex geometry.  While off-the-shelf sensing solutions can offer great 
precision, over a wide range of operating conditions, they are hardly scalable without 
necessitating substantial costs [15],[16].  Recent advances in conducting polymers have 
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enabled the fabrication of highly flexible, low-cost sensors capable of covering large areas.  
The authors have previously proposed a novel sensor consisting of a soft elastomeric capacitor 
(SEC) acting as a large-area strain gauge.  The sensors transduce the additive planner 
deformation (i.e. strain) into a measurable change in capacitance [17].  When deployed in a 
network configuration, they offer a possible solution to the monitoring challenge of wind 
turbine blades.  These dense sensor networks offer the ability to distinguish local faults (e.g. 
material de-lamination, cracks) [18], [19] from global faults (e.g. stiffness changes), an 
attribute not provided by traditional SHM sensor technology (e.g. accelerometers) [15], [16].  
The SEC’s offer the ability to function along with other state-of-the-art sensors to form a hybrid 
dense sensor network (HDSN).  A deployed DSN can be used to track a wind turbine blade’s 
structural health, and developing global strain maps used for updating finite element models.  
An algorithm for the decomposition of the sensors additive in plane strain have been proposed 
and experimentally verified [20].  Additionally, the question of optimal sensor placement 
within an HDSN for updating boundary conditions has been addressed [21].  Experimental 
wind tunnel results for an HDSN consisting of SECs and RSGs capable of detecting damage 
on the surface of a wind turbine have been presented [18], demonstrating the SECs ability to 
operate in a noisy environment of a wind tunnel.  Algorithms for damage detection and 
localization, along with simulations on a full-scale wind turbine blade model have also been 
presented [22].  Lastly, an algorithm for data damage detection, quantification, and localization 
that provides a high level of data compression have been developed [23], enhancing the ability 
of an HDSN to track structural health over the blades’ life-time. 
In the current paper, the three degree-of-freedom rational function coefficients and 
buffeting indicial functions are used to predict the total aeroelastic loads and response of a 
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rotating wind turbine blade in time-domain based on a response prediction procedure for long-
span bridges [24].  This response prediction method was validated by comparing the predicted 
response of a stationary (non-rotating) aeroelastic model of a wind turbine blade to that 
measured in the wind tunnel in a sinusoidal gust.  The response prediction method was then 
applied to a rotating blade of the NREL Phase VI wind turbine during its operation and 
validated by comparing the results with those from a wind tunnel model tests [25], [26].  The 
response for a 30-m wind turbine blade operating at night in a stable boundary layer in Iowa, 
high wind shear, based on winds measured on a meteorological tower in Hamilton, IA are 
presented using the developed computational tool.  Finally, an expansion of the previously 
proposed DSN for structural health monitoring through its use as a feedback measurement 
technique with the coupled aero-structural model is presented. 
2 Equations for Aeroelastic Loads in Time-Domain 
The equations of motion for structural analysis of an airfoil section model (rigid modes) 
can be written in Equations (1) - (3).  For some structures whose dynamic response in the 
along-wind direction is not as prominent as the other two directions (cross-wind and torsional), 
the equations of motion can be simplified such that along-wind displacement, p, and drag, D, 
are neglected and the equation of motion in the along wind direction (Eq. 2) is dropped in the 
analysis. However, to represent the entire response of a structure it is necessary to include all 
three. 
𝑚(ℎ̈ + 𝑆𝛼?̈? + 2𝜁ℎ𝜔ℎℎ̇ + 𝜔ℎ
2ℎ) =  𝐿𝑏 + 𝐿𝑠𝑒 + 𝐿𝑣𝑠 (1) 
𝑚(?̈? + 2𝜁𝑝𝜔𝑝?̇? + 𝜔𝑝
2𝑝) =  𝐷𝑏 + 𝐷𝑠𝑒 (2) 
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𝐼(?̈? + 𝑆𝛼ℎ̈ + 2𝜁𝛼𝜔𝛼?̇? + 𝜔𝛼
2𝛼) =  𝑀𝑏 + 𝑀𝑠𝑒 + 𝑀𝑣𝑠 (3) 
where m and I and the mass moment of inertia per unit length of the structure, h, p and α are 
vertical or cross-wind, lateral or along-wind and torsional displacements of the structure as a 
function of time, 𝑆𝛼 is the mass eccentricity for a known distance from the elastic axis to the 
center of gravity, 𝜁ℎ , 𝜔ℎ are the damping ratio and the natural frequency for the vertical or 
cross-wind mode; 𝜁𝑝, 𝜔𝑝 are the damping ratio and the natural frequency for the lateral or 
along-wind mode; 𝜁𝛼 , 𝜔𝛼 are the damping ratio and the natural frequency for the torsional 
mode; (   ̇) =  𝑑( ) 𝑑𝑡⁄ ; (   ̈) =  𝑑2( ) 𝑑𝑡2⁄ ; Lse is the self-excited lift; Dse is the self-excited 
drag; Mse is the self-excited moment; Lb is the buffeting lift component; Db is the buffeting 
drag component; Mb is the buffeting moment component; Lvs and Mvs are lift and moment 
components due to vortex shedding.  These functions can also be formulated using generalized 
coordinates based on the basic modes of the structures.  For this analysis, generalized 
coordinates are employed and Duhamel’s integral method is used to numerically solve the 
equations of motion, where all integrations are calculated using trapezoidal rule.   
2.1 Time-Domain Self-Excited Loads 
The time-domain formulation for self-excited loads is first written in Laplace Domain 
[27], [28] using the rational function formulation.  This method was developed for two-
degrees-of-freedom by [8] and has been expanded to three degrees-of-freedom here [29].  The 
self-excited loads (lift, drag and moment) can be expressed by Equation (4) in Laplace domain 
which can be converted to time-domain, as given by Equations (5)-(7). 
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(7) 
where U is mean wind speed of the upstream flow,  is density of air, c is chord length of the 
airfoil, A0, A1 are the stiffness matrix and damping matrix, respectively; F is the lag matrix, all 
of order 3 x 3, and 𝜆𝐿 , 𝜆𝐷 and 𝜆𝑀 are the lag coefficients.  The elements of A0, A1 and F matrices 
and 𝜆𝐿 , 𝜆𝐷 and 𝜆𝑀 are known as the Rational function coefficients in a one-lag term 
formulation. 
The experimentally extracted rational function coefficients for the NREL S830 airfoil 
at four angles of attack used in this analysis are shown in Table 1.  The local angle of attack, 
which is determined using the Blade Element Momentum (BEM) theory, is used to select the 
appropriate set of rational function coefficients.  
Table 1: Rational Function Coefficients for S830 Airfoil for Four Angles of Attack 
 A0 A1 F 𝜆𝐿 𝜆𝐷 𝜆𝑀 
0 [
−1.85 0.31 −2.66
0.18 0.14 0.31
0.83 −2.31 −2.41
] [
−2.96 −0.38 −2.19
0.56 −0.19 −0.38
2.69 0.06 −1.66
] [
−2.94 0.35 −0.09
0.17 0.17 −0.33
−0.50 2.42 2.48
] 0.011 0.016 0.006 
3 [
−0.61 −0.03 −1.03
−0.72 1.92 −0.18
0.24 0.04 −0.93
] [
−6.26 −0.002 −6.4
0.36 −0.02 −0.5
2.41 −0.13 −21.7
] [
−3.08 0.04 −1.99
0.72 −1.83 0.19
0.47 −0.001 −3.26
] 0.022 0.002 0.023 
6 [
1.49 −0.02 −1.97
−0.02 0.002 −0.006
−0.61 0.07 0.01
] [
−3.76 −0.09 −10.1
0.25 −0.52 −0.65
0.82 0.04 0.75
] [
−6.92 0.002 0.48
−0.003 0.08 −0.04
0.19 −0.09 0.02
] 0.024 0.073 0.036 
9 [
0.55 −0.02 −1.96
−0.003 0.01 0.0003
0.54 −0.14 0.11
] [
−3.19 0.007 −15.4
0.08 0.12 −0.16
1.05 0.26 −0.2
] [
1.49 0.03 −0.75
−0.16 −0.26 −0.18
−0.39 0.16 −0.09
] 0.022 1.48 0.026 
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2.2 Time-Domain Buffeting Loads 
In time domain, buffeting lift, drag and moment for a wind turbine blade section can 
be formulated using the buffeting indicial functions in terms of non-dimensional time, s = Ut/c, 
as follows: 
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(10) 
where u and w are the longitudinal (along-chord direction) and vertical (normal-chord 
direction) components of wind turbulence fluctuations and ϕ’L and ϕ’M are the derivatives of 
the buffeting indicial functions ϕL and ϕM with reduced time (s =Ut/c). CL, CD, and CM are the 
static force coefficients for lift, drag, and moment, respectively, and CL’, CD’ and CM’ are their 
derivatives with respect to angle of attack.  
 The buffeting lift and moment indicial function coefficients were extracted using wind 
tunnel tests for the NREL S830 airfoil by [9].  The Küssner function is typically assumed as 
the buffeting indicial function for airfoils so it is employed for the buffeting drag.  The three 
derivatives of the buffeting indicial functions for the NREL S830 airfoil at four angles of attack 
are given in Table 2.  
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Table 2: Buffeting Indicial functions for the S830 airfoil at multiple angles of attack. 
AOA 𝜙𝐿
′  𝜙𝑀
′  
0 𝜙𝐿
′ = 0.0055 ∙ 𝑒−0.026∙𝑠 + 0.087 ∙ 𝑒−0.11∙𝑠 𝜙𝑀
′ = 0.003 ∙ 𝑒−0.0299∙𝑠 + 0.166 ∙ 𝑒−0.186∙𝑠 
3 𝜙𝐿
′ = 0.016 ∙ 𝑒−0.0367∙𝑠 + 0.088 ∙ 𝑒−0.167∙𝑠 𝜙𝑀
′ = 0.0031 ∙ 𝑒−0.0326∙𝑠 + 0.189 ∙ 𝑒−0.211∙𝑠 
6 𝜙𝐿
′ = 0.0148 ∙ 𝑒−0.035∙𝑠 + 0.149 ∙ 𝑒−0.269∙𝑠 𝜙𝑀
′ = 0.00253 ∙ 𝑒−0.028∙𝑠 + 0.172 ∙ 𝑒−0.19∙𝑠 
9 𝜙𝐿
′ = 0.0215 ∙ 𝑒−0.0537∙𝑠 + 0.188 ∙ 𝑒−0.328∙𝑠 𝜙𝑀
′ = 0.0009 ∙ 𝑒−0.117∙𝑠 + 0.101 ∙ 𝑒−0.109∙𝑠 
Küssner Function 𝜙𝐷
′ = 0.053 ∙ 𝑒−0.122∙𝑠 + 0.515 ∙ 𝑒−0.972∙𝑠 
 
3 Experimental Set-Up 
3.1 Description of Wind Tunnel Used 
The experiments described here were performed in the Aerodynamic and Atmospheric 
Boundary Layer (AABL) Wind and Gust Tunnel located in the Wind Simulation and Testing 
Laboratory (WiST Lab) in the Department of Aerospace Engineering at Iowa State University. 
This wind tunnel has an aerodynamic test section of 2.44 m (8.0 ft) width × 1.83 m (6.0 ft) 
height, an atmospheric boundary layer test section of 2.44 m (8.0 ft) width × 2.21 m (7.25 ft) 
height, and a designed maximum wind speed of 53 m/s (173.9 ft/s) in the aerodynamic section. 
3.2 Aeroelastic Model 
A 30-m wind turbine blade was designed and scaled (1:6) consisting of the NREL S-
Series airfoils that have a high lift to drag ratio, generate low noise during operation, and are 
thick (high thickness to chord ratio).  The central 30% of the blade, consisting of only the S830 
airfoil, was used for this model and the twist was neglected since during operation the central 
portion of the blade sees a near constant angle of attack. The model is 139 cm (4.56 ft) in length 
with the root of the model having a chord length of 40 cm (15.7 in) which tapers down to 15 
cm (5.9 in) at the tip.  The model was designed to match a frequency ratio (torsional/vertical) 
of 6 which is similar to 30-m wind turbine blades in operation.   
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For these tests, the model was subjected to a generated gust at a characteristic 
frequency.  The gust was generated by forcing two parallel plates upwind of the model to 
torsionally vibrate about a vertical axis at a chosen frequency.  To ensure maximum amplitude 
was produced, a gust frequency near the first natural frequency was selected (3 Hz).  Figure 1 
shows (a) the model mounted in the wind tunnel and (b) the gust generator upwind.  
 
Figure 1:  Wind tunnel test setup: a) aeroelastic blade model; and b) gust generator upwind. 
3.3 Instrumentation 
 The model was instrumented with 7 accelerometers (PCB Piezotronics 352C65) to 
measure the vertical and torsional accelerations along the length of the model.  The MATLAB 
data acquisition toolbox was used to acquire the data from the accelerometers with a sampling 
time of 60 sec and a sampling rate of 625 Hz. The wind speed was measured using a Cobra 
Probe (Turbulent Flow Instrumentation) mounted upwind of the model.  Figure 2 shows the 
measured and filtered wind speed in the wind tunnel. 
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Figure 2:  Generated sinusoidal wind time history 
3.4 Soft Elastomeric Capacitor (SEC) for Health Monitoring 
The SEC is a highly elastic thin-ﬁlm sensor that that is capable of covering large, 
complex geometries at low cost. For large structures, including wind turbine blades, the SEC 
can be arranged in a network conﬁguration to track the structures local changes over a global 
area. The sensor transduces a change in its geometry (i.e., the monitored substrate’s strain) into 
a measurable change in capacitance. Fabricated from a styrene-co-ethylene-co-butylene-co-
styrene (SEBS) block co-polymer matrix, the dielectric consists of a SEBS matrix ﬁlled with 
titania to increase its durability and permittivity, while the conductive plates are ﬁlled with 
carbon black particles to provided conductive electrodes. The SEC is a highly scalable 
technology, utilizing commercially available and inexpensive materials in its manufacturing 
processes [17].  
An SEC is adhered to the monitored substrate using a commercial two-part epoxy and 
is applied under tension to improve performance under compression. The SEC measures in-
plane strain (x − y plane in Fig. 3). Assuming a constant low sampling rate (< 1 kHz), the SEC 
can be modeled as a non-glossy, parallel plate capacitor with capacitance C. Governed by the 
general equation for a parallel plate capacitor equation, 
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𝐶 =  𝑒0𝑒𝑟
𝐴
ℎ
 
(11) 
where e0 = 8.854 pF/m is the vacuum permittivity, er is the SEBS polymer relative permittivity, 
A is the overlapping area of the conductive carbon-ﬁlled electrodes and h is the thickness of 
the dielectric.  
 
Figure 3: Annotated SEC sensor with reference axes 
Assuming small, in-plane strain, the sensor’s change in capacitance ∆C can be related 
to the substrate’s surface strain through, 
∆𝐶
𝐶
= 𝜆(𝜀𝑥 + 𝜀𝑦) 
(12) 
where λ = 1/(1−ν) represents the gauge factor of the sensor. For SEBS, ν ≈ 0.49, yielding a 
gauge factor λ ≈ 2. Equation (12) shows that the signal of the SEC varies as a function of the 
plane strain orthogonal strain components εx + εy. The electro-mechanical model is fully 
derived in reference [30]. Furthermore, linearity of the electro-mechanical model has been 
validated for mechanical responses under 15 Hz [30] and again for responses up to 40 Hz, 
using an altered electro-mechanical [31]. The SEC’s electro-mechanical model has been 
validated for both static and dynamic strain and is presented in references [17], [30], [31].  
However, these are not shown here for brevity. 
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A hybrid dense sensor network (HDSN) consisting of 12 3x3cm square SECs and 8 
unidirectional Resistive Strain Gauges (RSGs), TML model #FCA-2 deployed onto the inside 
surface of ﬁbreglass substrate (1.6mm thick) mounted to the model wind turbine blade shown 
in Figure 1(a). The experimental set-up is expanded in Figure 4, only 4 RSGs (sets A and C) 
are present in Figure 4(c), the ﬁnal four (sets B and D) where added after installing the 
ﬁbreglass panel on the blade. SEC data acquisition was performed using three custom built 
microcontrollers, Atmel 328P, each with a 24-bit four-channel capacitance to digital converter. 
RSG measurements were obtained using a National Instruments 24-bit 350 quarter-bridge 
modules (NI-9236). SEC and RSG data acquisition was synced on a starting trigger and were 
collected using LabVIEW. The SEC was sampled at 22 Hz while the RSG was sampled at 
2000 Hz for the 90-second test. 
 
Figure 4. HDSN consisting of SEC and RSG sensors: a) monitored substrate; b) annotated 
substrate as viewed from outside the model; c) monitor substrate viewed from the inside 
showing SEC and RSG sensors 
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4. Validation of Response Prediction Method 
 Using this wind time history, the structural parameters of the model and the previously 
extracted rational function coefficients and buffeting indicial functions the loads and then the 
response of the model was predicted.  Figure 5 shows the simulated response and the measured 
response in the wind tunnel.  For both cross-wind and torsional vibration the simulated 
amplitudes and frequencies of vibration match well with the results measured in the wind 
tunnel.  The computation tool assumes the blade is stationary when the wind hits it.  Therefore, 
the beginning of the simulated cross-wind displacement shows the displacement ramping up 
to the consistent displacement seen in the measured time history.  This analysis shows that the 
response prediction procedure works for a stationary blade case. 
 
 
Figure 5: Simulated vs measured response of the aeroelastic model of a wind turbine blade 
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5. SEC Frequency Response Validation 
To demonstrate the feasibility of a proposed SHM system (Section 5.1), the signal for 
SEC No. 5 is presented in Figure 6 in both the time and frequency domain, where the measured 
strain is the additive sensor strain as stated in Equation 12. Validation of the SEC’s ability to 
accurately track the blades strain condition is presented through comparison of the data with 
the additive strain, as measured by RSG A. SEC No. 5 and RSG B were chosen for inspection 
due to their reactive compactness and their distance from the ﬁxed edges of the ﬁbreglass plate. 
Figure 6 shows that the SEC is capable of tracking buﬀeting induced strain in the wind 
turbine blade. The SEC clearly captures the blades fundamental frequency at 3.1 Hz and tracks 
an additional harmonic at 6.2 Hz. A diﬀerence of 0.05 Hz is present between the ﬁrst-harmonic 
as detected by the SEC and that detected by the RSG. This diﬀerence is assumed to be caused 
by the diﬀerence in sensor placement between the SEC and validating RSG. The third 
harmonic is present in the RSG data at 9.25 Hz, however, this peak is indistinguishable from 
the SECs base level noise. Furthermore, given the current DAQ’s low sampling rate of 22 Hz, 
no data past 11 Hz is available in the frequency range. Time series data for the SEC and the 
validating RSG is presented in Figure 6 (insert). An approximately sinusoidal shape can be 
seen in the RSG’s data, while the SEC data is capable of tracking the RSG signal, albeit at a 
much slower sampling rate. Individual SEC strain samples are presented as black dots. 
Furthermore, a ﬁltered SEC signal is obtained by performing a low-pass Weibull ﬁlter with a 
cutoﬀ frequency of 5 Hz and resampled to 1000 Hz using a spline interpolation. The ﬁltered 
SEC signal is presented as the blue line. Overall, the SEC sensor has shown an excellent 
capability for tracking the blade’s response time series, and frequency domain signals for 
future correlation with the proposed coupled aero-structural model. 
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Figure 6. SEC frequency response for SEC No. 5, compared against RSG B, time series data 
for the SEC and RSG are presented in the insert. 
5.1 Suggested Global Health Monitoring Strategy 
Using the validated coupled aero-structural model and the validated damage detection 
capabilities of the HDSN consisting of SECs and RSGs it is possible to design a comprehensive 
global health monitoring feature for wind turbine blades.  Figure 7 gives a diagram of the 
suggested health monitoring strategy.  On one side of the strategy the measured wind from the 
hub mounted anemometer would be used as the input to the coupled aero-structural model.  
The response of the healthy wind turbine blade would then be calculated using the generalized 
equations of motion and the time-domain loads model presented here.  The measured strain 
distribution from the HDSN would be input into a finite element model and the displacements 
of the blade would be calculated.  The two response time histories would be compared and the 
correlation between them would be used to assess the health of the blade where a high 
correlation would mean the blade is healthy and a low would suggest that damage is present.  
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This method could not be validated because the HDSN was not installed along the entire length 
of the aeroelastic model, but could be validated and refined in the future. 
 
Figure 7: Global health monitoring strategy for wind turbine blades 
6. Validation using NREL Phase VI Wind Turbine Tests 
Wind tunnel tests were designed by NREL and carried out in the NASA Ames Research 
Wind tunnel [25].  The two-bladed NREL Phase VI wind turbine had a 10 m diameter and was 
made up entirely of the NREL S809 airfoil with a hub height of 12.92 m.  This model was 
instrumented with several different sensors, but for these analyses only the measurements of 
the edgewise and flapwise root bending moments are used for comparison.  This wind turbine 
was tested in a uniform smooth flow, but the current simulation included a small amount of 
turbulence (TI < 1.5% in all three directions) and wind shear.  This resulted in a slightly more 
dynamic response than the measured response in the wind tunnel.  Figure 8 shows the edgewise 
and flapwise root bending moments predicted and measured for the NREL Phase VI wind 
turbine in a 10 m/s wind at the hub height. In this case, rotating natural frequencies and mode 
shapes were determined using BModes.  The predicted results compare well with the measured 
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root bending moments and show that this computational tool can be used to predict the 
response of a blade operating in near smooth flow. 
 
Figure 8: Comparison of the simulated and measured root bending moments (left) flapwise 
and (right) edgewise, compared to [25], [26]. 
7. Prediction Results for a 30-m Blade in Operation 
As an example of the application of the computational tool developed that uses the 
time-domain 3DOF-load prediction method, the response of a 30-m blade operating in a 
nighttime stable boundary layer in Iowa is presented.  The 30-m wind turbine blade consists 
of the NREL S-Series airfoils, S818, S830 and S831 suggested for 40-50 m diameter turbines.  
The full geometry of the blade is given in Table 3. 
Table 3: Geometry of 30m wind turbine blade 
Location (%) Shape Chord (m) Twist (deg) 
0 Circle 1.3 0 
5.8 Circle 1.3 0 
16.67 S818 Airfoil 2.42 15.78 
75 S830 Airfoil 1.00 1.13 
95 S831 Airfoil 0.60 -1.29 
The wind field, Figure 9, measured with a meteorological tower in Hamilton, Iowa 
shows the development of the nighttime boundary layer.  The boundary layer depth used for 
this analysis is circled.  This was selected because the extreme wind shear present over the 
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diameter of the wind turbine rotor presents a worst case scenario for predicting the response.  
For this analysis the wind was simulated using standard method [32, 33] using wind velocity 
spectral functions.  The Kaimal Spectrums, Equations (13) and (14) [34] were used for the u- 
and v-components while the Lumley and Panofsky Spectrum, Equation (15) [35], was used for 
the w-component.  The wind was simulated at hub height at 7 different locations along the 
width of the rotor and linearly interpolated between the simulation points to generate a row of 
wind.  The boundary layer profile determined from the meteorological tower was then used to 
determine the wind shear.  This analysis resulted in a box of turbulent wind passing over the 
rotor. 
𝑛𝑆𝑢𝑢(𝑧, 𝑛)
𝑢∗2
=
200𝑓
(1 + 50𝑓)5/3
 (13) 
𝑛𝑆𝑣𝑣(𝑧, 𝑛)
𝑣∗2
=
15𝑓
(1 + 9.5𝑓)5/3
 
(14) 
𝑛𝑆𝑤𝑤(𝑧, 𝑛)
𝑤∗2
=
3.36𝑓
(1 + 10𝑓)5/3
 
(15) 
 
Figure 9: Wind time histories with height from the Hamilton, IA Meteorological Tower 
including the boundary layer mean wind speed profile at the top left corner. 
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Figure 10: Surface intensity plot of the “box” of wind at one time point  
Figure 10 shows the wind speed distribution over the rotor as simulated at one instance 
in time.  The profile of the simulated wind is less correlated along the blade span than they 
would be in reality.  This means that the results for the amplitudes of displacement will be 
slightly lower than reality because correlated winds increase the overall response of the 
structure.  The structural properties were calculated using NREL’s PreComp software.  The 
blade has two shear webs located at 15% and 50% of the chord length.  The total mass of the 
blade was 1.64x103 kg.  The first flapwise bending mode natural frequency was 𝑓1ℎ= 2.57 Hz, 
the first edgewise natural frequency was 𝑓1𝑝= 5.52 Hz and the first torsional mode natural 
frequency was 𝑓1𝛼  = 15.93 Hz.  The natural frequencies and mode shapes for the rotating wind 
turbine blade were determined by NREL’s BModes software.  A mean hub height (80m) wind 
speed of 11 m/s (rated wind speed) and longitudinal turbulence intensity of 16% based on the 
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IEC Standard [36] were used.  The rotational speed was 20 rpm.  Figure 11 shows the simulated 
flapwise, edgewise and torsional tip-displacements of the 30-m wind turbine blade for 10 
seconds.  While the blade displacement at any point along the blade can plotted, the tip 
displacement was chosen since it will be the largest.  The change in tip deflection from the 
wind shear is very clear and the most obvious vibration present in the blade.  In these 
predictions, the tip deflection for the gravitational load are not included, therefore, both the 
edgewise tip displacement and the torsional tip displacement are only the fluctuating 
components.  Analysis done on the NREL 5 MW blade, 61.5 m, showed an average out-of-
plane tip deflection of approximately 5.3 m at an 11 m/s wind [37].  It can then be assumed 
that the 30 m blade will experience about half of that deflection at the same wind speed, or 
similar to the simulated results.  This tool can also be used to investigate the flutter speed of a 
given wind turbine blade by evaluating the response at multiple wind speeds and looking for 
the onset of divergent oscillations.   
8. Conclusions and Future Work 
This paper presents a computational tool to predict the real-time response of a wind 
turbine blade in operating and parked conditions.  Using experimentally extracted time-domain 
rational function coefficients and buffeting indicial functions, the method to predict the 
dynamic loads and response of the wind turbine blade has been validated by comparing to wind 
tunnel tests on an aeroelastic model of a wind turbine blade and the NREL Phase VI 
Experiment.  The predicted response for a 30-m wind turbine blade operating at its rated wind 
speed in a night-time real wind environment was also presented.  Finally, a structural health 
monitoring method and strategy were proposed that use a dedicated sensor network of 
capacitance-based strain gages developed with inexpensive materials. 
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(c) 
 
Figure 11: Simulated displacement response of an operating 30-m wind turbine blade (a) 
flapwise (out-of-plane), (b) edgewise (in-plane), and (c) torsional  
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To improve this computational tool, it might be necessary to extract the rational 
function coefficients and buffeting indicial functions for multiple airfoils at more angles of 
attack so it can be used with any wind turbine blade design.  The 3DOF forced vibration system 
[29] and method that were developed for wind tunnel tests on section models can be routinely 
used for this purpose. Additionally, directional shear and wake steering can cause the turbine 
to operate with a yaw error.  Therefore, the aerodynamic load functions should also be 
extracted for yawed flows to determine a parameter to account for this error.  Finally, the yaw 
error can also create vortex induced vibrations on the blade.  The vortex-induced load was left 
out of the current analysis, but should be addressed in the future.  For the HDSN a more robust 
data acquisition system is necessary for the sensors.  Furthermore, validation of the suggested 
health monitoring strategy would be necessary before implementing it. 
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CHAPTER 6. GENERAL CONCLUSIONS 
GENERAL DISCUSSION 
 The current research work includes the following four parts: (a) the flutter speed 
prediction for wind turbine blades of increasing lengths using experimentally extracted time-
domain Rational Function Coefficients (RFCs) at multiple angles of attack, (b) the validation 
of the extracted time-domain RFCs and buffeting indicial functions through wind tunnel tests 
on a larger (3.3 times) section model and an aeroelastic model, (c) the design and testing of a 
novel three degree-of-freedom forced vibration system for time-domain RFC extraction 
including the coupling of the along-wind effects, (d) the development of a computational tool 
to predict the aeroelastic loads and response of a wind turbine blade operating in a turbulent 
flow field. 
Identification of Time-Domain Aeroelastic Load functions of a HAWT Blade for Flutter 
Instability and Response Analysis 
The experimentally extracted RFCs show that the angle of attack of a HAWT blade 
that dynamically varies along its span plays an important role in the dynamic loads and 
response of the blade.  For the self-excited loads, the thick, asymmetric S830 airfoil behaves 
mostly like the symmetric thick NACA0020 airfoil at an angle of attack of 6 degrees.  
Admittance functions associated with moment (XM
2) are similar to the Sear’s Function for 0, 
3, 6 cases up to K = 0.1 whereas admittance functions associated with lift (XL
2) drastically 
differs from the Sear’s Function.  Wind turbines are often operating with a 2 to 3-degree error 
in pitch, which, as can be seen from the results presented, could lead to drastically different 
loads and response than expected.  The parametric study presented here also shows that as 
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blade length increases, the blades become more susceptible to flutter when stationary during 
high wind events and possibly during operation.  This suggests that there must be additional 
design considerations taken into account to ensure the safety of these larger blades. 
Real-Time Prediction of Aeroelastic Loads of Wind Turbine Blades in Gusty and 
Turbulent Wind using an Improved Loads Model 
In order to validate the time domain formulation for predicting aerodynamic loads on 
a wind turbine blade airfoil at a non-zero angle of attack, experiments were carried out for 
three different wind inputs (smooth-wind, ramp-down gust and turbulent-wind). In each case, 
the amplitudes and pattern of the simulated aerodynamic loads (lift and moment) based on a 
previous self-excited load formulation that used one-lag term compared well with those 
measured, however, there was a slight phase shift in the time histories. A new algorithm and 
method using two lag terms was developed and the time shift improved significantly. 
Additionally, an aeroelastic model of a wind turbine blade was tested in the wind tunnel to 
validate the improved method by comparing measured loads to those predicted using this 
method. These validation tests showed that this formulation in time domain to predict 
aerodynamic loads in real time using the incident wind information will be very useful for 
structural health monitoring applications and hence preventive maintenance and also for the 
evaluation of the fatigue life of wind turbine blades. 
A Three Degree-of-Freedom Forced Vibration System for Time-Domain Rational 
Function Extraction 
A three degree-of-freedom forced vibration system has been developed that can be used 
for section model testing in the wind tunnel for simultaneous identification of aeroelastic- 
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damping and stiffness parameters associated with one-, two- and three DOF.  This system 
allows for the simultaneous extraction of all the frequency-domain flutter derivatives or time-
domain rational function coefficients and can potentially be used to study other phenomena 
like vortex shedding and torsional divergence.  The functionality and robustness of the system 
has been successfully demonstrated by testing an asymmetric airfoil used in wind turbine 
blades, a streamlined bridge deck and a bluff cross-section.  Sample flutter derivatives are 
presented as a means to validate the extracted time-domain rational function coefficients for 
each cross-section.   
A Computational Tool for Dynamic Load and Response Predictions of a HAWT 
Blade in Time-Domain with Health Monitoring Applications   
A computational tool to predict the real-time response of a wind turbine blade in 
operating and parked conditions was presented.  Using experimentally extracted time-domain 
rational function coefficients and buffeting indicial functions, the method to predict the 
dynamic loads and response of the wind turbine blade has been validated by comparing to wind 
tunnel tests on an aeroelastic model of a wind turbine blade and the NREL Phase VI 
Experiment.  The predicted response for a 30-m wind turbine blade operating at its rated wind 
speed in a night-time real wind environment was also presented.  Finally, a structural health 
monitoring method and strategy were proposed that use a dedicated sensor network of 
capacitance-based strain gages developed with inexpensive materials. 
Recommendations for Future Work 
 In the current research, the time-domain aerodynamic load functions are extracted at a 
set number of angles of attack which represent the common angles of attack seen during 
operation with no yaw error.  These rational function coefficients could be extracted at higher 
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angles of attack as a new means of predicting the dynamic stall vibrations on a blade. 
Furthermore, as research leans toward the use of wake steering and to evaluate the effects of 
directional shear in the atmosphere, creating a potentially high yaw error, an evaluation of the 
vortex shedding phenomena for a wind turbine blade might be necessary.  The improved loads 
model assumes that the turbulence is fully correlated over the span of the model which results 
in some discrepancy between the predicted loads and the measured loads.  By instrumenting a 
model with pressure taps around its midpoint and along its span it would be possible to 
determine a parameter to account for partially correlated winds in this analysis.  In the future, 
to evaluate the buffeting load prediction, fixed model tests could be carried out with gust 
generation in all three directions through development of a new forced gust generator.  This 
would allow for a more detailed buffeting indicial function to be extracted.  
While the three degree-of-freedom system worked for the three section models 
presented it has some limitations and drawbacks that need to be addressed.  First, because the 
model is cantilevered, it is very easy for the model to experience spurious modes.  To avoid 
that in the presented work, the data was numerically filtered to erase these modes from the 
data.  It should be noted that these additional vibration modes can be mostly avoided by having 
a stiffer central support bar through the section model that is fixed to the 3DOF system than 
the ones used in the current models.  This could be also corrected by building an additional 
frame to support the other end of the model so that it is no longer cantilevered.  Further, this 
system could be modified to allow for higher amplitudes of vibration and higher frequencies 
of vibration.  Overall, this system is able to produce the necessary data to extract the rational 
function coefficients for all three degrees-of-freedom or any combination of degrees-of-
freedom. 
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Finally, the computational tool could be incorporated with other load prediction 
procedures to account for other loads, such as gravitational and tower coupling and centrifugal 
stiffening.  This system could also be improved by extracting Rational Function Coefficients 
for more airfoil cross-sections to have a more accurate prediction using a specific blade.  A 
time-domain approximation for the quasi-steady flutter derivatives could also be developed to 
make this tool more employable in the initial design stage.  
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